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Abstract
Telecommunication systems, network servers, mainframes, and high-performance
computers contain several printed circuit boards (PCBs) that are mounted in card-cage
assemblies. Level-3 connectors, often called board-to-board connectors, transmit signals between
the primary backplane PCB and the daughtercard PCBs. These connectors are customized for
each PCB by configuring modules along the length of the connector. Hence, the connector's
assembly system must flexibly accommodate the connector configurations.
Prior to this research, the assembly of daughtercard connectors was a manual process.
This thesis presents the conceptual design of an assembly cell, and thoroughly presents the
selected concept, a flexible assembly system. In the flexible assembly system, the connector is
fixtured on a pallet and transferred to assembly stations on a conveyor. The pallet must be
precisely located at each station, to minimize the relative errors between the new component and
the connector on the pallet. Kinematic couplings deterministically locate one rigid body with
respect to another. Therefore, a pallet system was developed that uses split-groove kinematic
couplings between the pallets and machines. Experiments demonstrated that the split-groove
kinematic pallet was approximately O1X more repeatable than conventional pallet location
methods. The design is evident in the fabrication and operation of the first automated machines
for the connector assembly system.
In automated machinery, kinematically coupled bodies are often subjected to ranges of
disturbance forces. This thesis presents new methods for analyzing the static equilibrium, errors
due to contact deformation, and contact stresses that result from disturbance forces. In addition,
the manufacturing errors within individual pallets and machines combine to cause systeni,-:,id-
variability in pallet location. Two methods are presented for estimating the system-wide
variability in the position and orientation of the pallets.
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Chapter 1 Introduction and Thesis Overview
1.1 Background to the Thesis
Electrical connectors transmit signals and power between electronic subsystems.
Connections exist at all levels of electronic systems, from connections within silicon devices to
network connections that span the globe. Connectors are classified according to their position in
electronic systems and according to the devices that they connect'. Figure 1-1 shows a card cage
assembly that illustrates six levels of interconnection. Connectors are also classified as board-to-
board (Levels 3 and 4), wire-to-board (Levels 4 and 5), and wire-to-wire (Levels 5 and 6).
Level Three
Circuit Board to/ Circuit Board
Level Four
Sub-assembly to
Sub-assembly
(Not Visible)
Level Five
Sub-assembly to
Input/Output
(Not Visible)
Backplane
Circuit Board
Figure 1-1: Levels of connection in card cage assemblies
Level-3 connectors are essential components in mainframes, telecommunication
equipment, network hardware, and high-performance computers because of their use in card cage
assemblies. Card-cage assemblies, such as the one shown in Figure 1-1, contain a backplane
printed circuit board (PCB) that is mounted vertically in the rear of the cabinet. Daughtercard
PCBs are generally smaller, removable, and mounted perpendicular to the backplane. Signals on
the daughtercards are transmitted to the backplane through separable, right-angle, board-to-board
connectors. A daughtercard connector is pressed into an array of plated thru-holes on the edge of
the daughtercard PCB, and a backplane connector is pressed into plated thru-holes on the surface
of the backplane PCB. Each connector is custom configured to accommodate each customers'
PCBs.
Level One
Chip to Package
Leads
Level Two
Component to
Circuit Board
Level Six
System to
System
Daughtercard
Circuit Board "
This thesis contributes to precision assembly automation by focusing on assembling high-
density daughtercard connectors. The body of work that supports this thesis was conducted at
Teradyne Connection Systems (TCS), a manufacturer of daughtercard and backplane connectors.
The work began in 1996 while TCS ramped-up production for their High-Density Metric
(HDMTM ) connectors. The demand for the HDM product-line far exceeded expectations, and the
manufacturing system could not keep up with demand. Much of the effort to increase
manufacturing capacity was aimed at a specific machine that assembled modules for daughtercard
connectors. Experience with this machine swiftly introduced the difficult task of assembling
high-density electrical connectors. The lessons learned during this difficult period established the
guiding principles for designing the automated assembly system for the Very High-Density
Metric (VHDMTM ) daughtercard connector that was released in 1998.
Prior to conceptually designing the VHDM daughtercard connector's assembly system,
several internal customers of the assembly equipment were interviewed to determine their
expectations and preferences regarding assembly automation2. The voice of the customer was
compiled with tools for structured decision making. The Analytic Hierarchy Process (AHP)3'4
was used for the daughtercard assembly automation, and Pugh charts5'6 were used for the other
assembly processes. An AHP organizes customer preferences into a hierarchy with weights that
describe the relative importance of each preference. The AHP spanned many internal and
external customer needs, and its quantitative nature provided the basis for selecting the best
concept for the daughtercard assembly system. The weights in the AHP were confirmed by
TCS's managers. Examples of preferences that were desirable by the internal customers include:
* highly automated processes,
* scalable and modular equipment to support incremental capacity,
* standardized machine components,
* flexible assembly processes,
* in-process inspection or verification,
* buffers between manufacturing operations,
* minimal mechanical adjustments within machines, and
* thorough documentation of the machinery.
The first step in the design process was to construct flowcharts of the daughtercard
connectors' manufacturing operations. These flowcharts are included in Appendix A. The
flowcharts were the basis for assessing the manufacturability of the connector and its
components. Recommendations were made regarding product geometry, tolerances, and
manufacturing processes.
Following the manufacturability review, a team of engineers contributed many
conceptual designs for the assembly automation. Concepts ranged from grippers for holding
connector components to floor plans at the system level. About a dozen system-level concepts
were originally generated, but after a few weeks, these concepts were condensed to three feasible
concepts. These three concepts were investigated in detail for about another three weeks before
making a final selection with the AHP. The selected concept for the daughtercard connector's
assembly system was an assembly cell that contained a high-speed shuttle machine. The vision
was a system capable of mass customizing 7.8 daughtercard connectors.
After investing several months designing the assembly cell and high-speed shuttle
machine, the system concept was converted to a flexible assembly system. This change required
a new assembly process plan, but provided many benefits to TCS. These benefits were evident
when the flexible assembly system was compared to the assembly cell with the same AHP.
Traditionally, daughtercard connectors were assembled in manual work cells such as the
one illustrated in Figure 1-2, but trends in connector design are forcing a transition to automated
assembly. These trends include an increase in the quantity of components in the connector,
reduced component size, and more configurability within the connector. These same trends make
automated assembly more difficult. As the quantity of parts in the connector increase and their
size decrease, it becomes more probable that a component will be damaged during the assembly
operation. This probability is closely related to the relative errors between the new component
being added to the connector and the connector being assembled. Assembly systems with high
repeatability and accuracy are necessary to minimize these relative errors.
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Figure 1-2: Manual assembly of daughtercard connectors
r
I iI Station I
1.2 Thesis Contributions
Computer integrated manufacturing and improved information technology make mass
customization a feasible corporate strategy, but mass customization depends upon designing,
building, and operating build-to-order manufacturing systems. Information from order entry must
be transferred to the production floor where it regulates the manufacture and assembly of
products. Flexible assembly systems offer many advantages in build-to-order manufacturing
systems since conveyor systems can route palletized fixtures to specific assembly stations,
depending upon the customer's configuration. Unfortunately, palletized fixtures are a large
source of errors in flexible assembly systems.
The hypothesis of this thesis is that kinematically coupled pallets and precision machine
design techniques enable high-precision flexible assembly systems. Kinematic couplings are
known for their high repeatability, but additional issues arise when they are used in palletized
fixtures. The two primary issues are that kinematic pallets are subjected to ranges of disturbance
forces, and manufacturing errors in the pallets and pallet bases create variability at the station and
system levels.
In proving this hypothesis, the thesis makes the following contributions to the subject of
precision machine design:
* an analytical method for determining the effects of ranges of disturbance forces
on the static equilibrium, contact stress, and error motions of kinematically
coupled bodies,
* analytical methods for estimating the amount of variability at the station and
system levels that arise from manufacturing errors in the pallets and pallet bases,
* a method for designing split-groove kinematic pallets that incorporates the effects
of disturbance forces and manufacturing errors,
* experimental measurement of the repeatability of split-groove kinematic pallets,
and
* the design of a flexible assembly system for daughtercard connectors that uses
split-groove kinematic pallets.
The effects of ranges of disturbance forces are analyzed by constructing bounded regions
of disturbance forces and comparing the disturbance region with boundaries for static equilibrium
and contact stresses. Direct expressions for the error motions that result from deformation at the
contact points are presented. For many applications, contour plots of the disturbance region and
boundaries provide visual assessment of coupling performance.
Estimates for the amount of variability that arise from manufacturing errors in the pallets
and pallet bases are determined with eithcr Monte Carlo simulations or multivariate error
analyses. Both approaches use parametric, virtual models of the kinematic coupling's contact
surfaces. These models are combined with a solution method that determines the resting location
(position and orientation) of a pallet with respect to a pallet base. This enables designers to
estimate statistics such as the mean shift, standard deviation, variance, and covariance in the
pallet's position and orientation errors.
These new analytical techniques are incorporated in the design of split-groove
kinematically coupled pallets. A split-groove kinematic coupling uses four balls, two
conventional vee-grooves and a split vee-groove to establish six contact points. A split-groove
kinematic coupling was necessary because geometric constraints prohibited a conventional three-
groove kinematic coupling. The repeatability of an actual split-groove kinematic pallet was
experimentally measured and found to be less than 10 pm. This represents about a 10x
improvement over the industry standard.
The split-groove kinematic pallet was used in the design of a flexible assembly system
for VHDM daughtercard connectors. The flexible assembly system provides the foundation for
implementing a build-to-order production system capable of mass customizing daughtercard
connectors. The contributions of this thesis are demonstrated in the design, fabrication, and
operation of the Wafer Stitch Station, shown in Figure 1-3.
Figure 1-3: Photograph of wafer stitch station for VHDM daughtercard connector assembly
system
1.3 Prior Work and Relevant Literature
This thesis contributes to the field of precision assembly automation. Its contributions
build upon or apply prior work in the fields of precision machine design, assembly automation,
design methodology, mathematics, and statistics. This section presents the primary concepts
from these disciplines that are relevant to this thesis.
1.3.1 Precision Machine Design
Precision engineering aims to characterize and improve the accuracy, repeatability, and
resolution of products or machines. Precision machine design focuses on the components or the
combination of components that form complete machines. A recent overview by Schellekens and
Rosielle 9 thoroughly describes the basic principles, models, and machine components relevant to
precision machine design. Precision machines are necessary for producing cost effective and
high quality parts. High precision is generally associated with improving quality and lowering
cost, but in automated assembly machines, volumetric errorso'0 also influence the reliability of
assembly operations"" . Precision machine design often focuses on the manufacture of single
parts in single machines (e.g. machine tools, coordinate measuring machines, wafer steppers,
etc.), but precision assembly automation requires the consideration of many parts and many
machines.
Machines are aggregations of mechanical, electrical, and electro-mechanical components.
Each machine component has a fundamental limit on accuracy, repeatability, and resolution.
Error models "3 "14 are analytical methods for combining and propagating the spatial errors of
individual machine components. During machine design, error models are combined with error
budgets 5""16 to allocate errors to individual machine components or sub-systems. Error models
and error budgets must model relative displacements between rigid bodies, so transformation
matrices"7 are frequently used to relate position vectors in one coordinate system to another
coordinate system.
Several principles are indispensable in precision machine design. In 1890, Ernst Abbe
suggested that measuring systems be placed coaxial with the axis along which the displacement is
measured1". Abbe's principle minimizes the amplification of angular errors by lever arms.
Bryan's principle'9 expresses the same sensibility regarding the position of bearings, because
bearing errors are also amplified by the distance between the bearings and the workpiece.
Two additional principles describe alternative methods for precisely locating one body
with respect to another body. Elastic averaging depends upon many contact points (frequently
entire surfaces) at the joint between two bodies. One body is often forced to be congruent with
the second body. Elastically averaged joints generally support large forces. Alternatively,
kinematic constraint specifies that the position and orientation of one body with respect to another
is constrained by just enough points to restrict the desired degrees of freedom. Elastic averaging
is a probabilistic, and kinematic constraint is deterministic.
1.3.2 Assembly Automation
The term "assembly automation", popularized around World War II, refers to the
mechanized feeding, placement, and fastening of product components into specific spatial
configurations. Industrial assembly automation 0o is often generalized, but the specifics always
depend upon the design of the product being assembled. For this reason, the relationship between
a product design and its assembly processes should be considered2 ' 22.23 Older books from
Riley24 and Treer25 provide basic introductions to traditional topics such as economic
justification, common machine architectures (e.g. rotary and in-line machines), parts feeding 26,
orienting2 , and fastening2 .
Assembly automation was originally economical only for mass-produced products.
During the 1970s and 1980s, much effort was concentrated on exchanging "hard" automation for
"flexible" automation by incorporating servomechanisms, sensors, and programmable computers.
THis prolonged the life of capital equipment, and consequently, automated assembly became
economical for lower-volume production. During the 1990s, reduced time-to-market and
shortened product life cycles have provided further incentive for flexible automation.
Robotic assembly systems29' 30 use general-purpose robots to grasp components at feed
systems and assemble them to a product assembly. Compliance during robotic insertion is a
fundamental issue that can be addressed passively with Remote Center of Compliance (RCC)
devices ' or actively with closed-loop force controllers. Robots and automated feed systems are
combined to form automated assembly cells 32" 33 or automated workstations.
Flexible assembly systems 34' 3 5 collect multiple workstations into a single system linked
by a material handling system that transports palletized fixtures between the workstations.
Conveyors are frequently used as the material handling system. Since the early 1980s, Bosch
Automation has provided modular components for building conveyors in flexible assembly
systems36. Figure 1-4 shows a rendering of a flexible assembly system that uses Bosch's TS-2
conveyor system37. This conveyor system represents industry standard practice in flexible
assembly systems.
Figure 1-4: Flexible assembly system with Bosch's modular conveyor elements*
Image provided courtesy of Bosch Automation Products, 816 E. Third St., Buchanan, MI 49107.
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Since the primary focus of this thesis is the errors in locating pallets at workstations, it is
important to consider an conventional pallet. Figure 1-5 shows a pallet from Bosch's TS-2
product line. The pallet is constructed from four molded, po!yamide frame modules and a steel or
aluminum support plate. The plastic frame encloses the perimeter of the plate, and the entire
asseml•y is fixed together by pressing hardened steel bushings into the frame and support plate.
The molded frame modules contain geometric features such as grooves and slots that are utilized
by the conveyor system for controlling pallet traffic.
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Figure 1-5: TS-2 pallet for Bosch conveyor systems (a) isometric view and (b) exploded
view
The hardened steel bushings that hold the pallet together also locate the pallet at
workstations. As illustrated in Figure 1-5 (b), precision ground pins, mounted in the pallet base,
mate with the bushings in the pallet. The precision ground pins are available in two varieties, a
round variety and a diamond variety. Drawings of the bushings and pins are shown in Figure 1-6.
The bore of the bushing is dimensioned as 12 mm (0.4724 in) with a tolerance of + 0.0178 mm
(0.0007 in) and - 0.0000 mm (0.0000 in). The outer diameter of the guide pins is 12 mm (0.4724
in) with a tolerance of - 0.0305 mm (0.0012 in) and - 0.0483 mm (0.0019 in). With these pins
and guide bushings, Bosch pallets are repeatable to within ± 0.05 mm (+ 0.002 inches)37.
Image provided courtesy of Bosch Automation Products, 816 E. Third St., Buchanan, MI 49107.
"`
h ILi s
co~-~---T
Indexing pin (round)
Designation
Positioning pin (round)
Positioning pin (flat-sided)
Positioning pm (round, short)
I Positioning pin (flat-sided, short)
Dimensions (mm)
I h
39 I 30 _
39 30
30 21
30 21
Figure 1-6: Dimensions and tolerances of bushings and pins for Bosch pallets*
1.3.3 Tolerance Analysis, Allocation, and Synthesis
Engineers must assign many dimensional tolerances during the detailed design of
machines. With careful consideration of dimension chains in assemblies, an engineer can
anticipate excessive tolerance stack-up. The process of calculating tolerance stack-up is referred
to as tolerance analysis38 . Tolerance analysis is crucial for preventing interference, binding, and
meeting accuracy requirements of assembled components. Methods, such as root-sum-square
(RSS), worst-case (WC), and Estimated Mean Shift (EMS)39 are commonly used to analyze
tolerance stackup. Although engineers prefer tight tolerances to minimize tolerance stack-up,
most products or machines can not economically afford excessively tight tolerances.
Consequently, the objective of tolerance allocation40 is to assign tolerances that satisfy assembly
requirements but do not dramatically increase manufacturing costs. Tolerance synthesis4 1' 42' 43'44 is
the allocation of tolerances to optimally minimize cost. Tolerance synthesis depends upon
* Image provided courtesy of Bosch Automation Products, 816 E. Third St., Buchanan, MI 49107.
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formulating an objective function that relates manufacturing costs to tolerances. Cost-tolerance
models4 5 ,4 6" 4 7 describe how manufacturing costs increase as tolerances tighten.
To convey tolerances to manufacturers, national and international organizations have
published several specifications on dimensioning and tolerancing on engineering drawings. In
the United States, the most recognized standards are published by the American National
Standards Institute (ANSI). ANSI Standard Y14.5M 4s covers general practices of dimensioning
and tolerancing, and the mathematical fundamentals of tolerancing are covered in ANSI Standard
Y14.5. 1M4 9. Additional standards such as ANSI B4.150 and ANSI B4.25' specify standard fits for
cylindrical parts, and they are summarized in convenient tables in The Machinerv's Handbook5 2 .
Specific texts on geometric tolerancing are also readily available 3.
1.3.4 Design Theory and Methodology
Design theories and methodologies attempt to describe or prescribe a design process. A
great body of research has been conducted in this area, but Axiomatic Design and Robust Design
are most relevant to this thesis. Concepts from Axiomatic Design are used whea presenting the
design of the assembly system for the VHDM daughtercard connector. Robust Design is relevant
because the analytical methods for estimating system variability provide tools for assessing the
robustness of pallet location to manufacturing variation in the pallets and pallet bases.
Axiomatic Design 54 abstracts the design process as three separate mappings between four
different domains. The first mapping translates customer attributes (CAs) in the Customer
Domain into functional requirements (FRs) in the Functional Domain. The second mapping
translates FRs into design parameters (DPs) in the Physical Domain, and the third mapping
translates DPs into process variables (PVs) in the Process Domain. The CAs, FRs, DPs, and PVs
are ordered hierarchically within their respective domains, and "design matrices" map between
hierarchical levels in each domain. Axiomatic Design assumes two fundamental axioms. The
Independence Axiom states that the mappings should maintain independence (diagonal or
triangular design matrices), and the Information Axiom states that the best design minimizes the
information content. From these two axioms, several theorems have been derived. Axiomatic
Design was applied by Suh 55 to the design of large systems and by Suh and Cochran56 to the
design of manufacturing systems.
Robust Design originated with Taguchi's concepts on quality, cost, and variability in
manufacturing systems. Robust Design strives to reduce the variability in product performance
by minimizing the effect of manufacturing variation. As presented by Phadke57, Taguchi's
method applies signal-to-noise ratios for measuring variation, and design of experiments with
orthogonal arrays is used to minimize the variance. Otto and Antonsson58 incorporated
optimization with constraints into Taguchi's method. Parkinson, Sorensen, and Pourhassan 59
addressed design feasibility and transmitted variation with tolerances on design parameters. Otto
and Antonsson6" and Otto"' describe tuning parameters and manufacturing adjustments to
improve robustness. Parkinson62 reviewed seven methods for applying engineering models in
robust design.
1.3.5 Mathematics and Statistics
This thesis uses several topics from mathematics and statistics. Chapters 3 and 4 rely
heavily on linear algebra6". Vectors and linear transformations describe the geometry and
displacements of rigid bodies. Solutions to systems of linear equations are expressed in matrix
form, and approximations to non-linear systems are expressed with Jacobian matrices. Analytic
geometry" is used to form the virtual models of the contact surfaces in kinematic couplings. The
virtual models use equations for spherical and flat surfaces in three-dimensions. Several concepts
from statistics 6 , including probability, normal distributions, statistical inference, variance, and
covariance are used to describe manufacturing errors and pallet locational errors. Random
simulations" using the Monte Carlo method" 76.,6 69 and multivariate error analysis are presented as
techniques for estimating the statistics of locational errors in systems of kinematically coupled
bodies.
1.4 Thesis Overview
The thesis begins with introducing the initial industrial application of this research.
Chapter 2 introduces the VHDM electrical connector and describes the design of its automated
assembly system. Two alternative assembly systems are described, an assembly cell and a
flexible assembly system. The flexible assembly system was ultimately selected, and the design
of its main components is described in detail.
Chapter 3 begins a focused presentation on the design of split-groove kinematic pallets.
This chapter introduces new methods for analyzing the effects of disturbance forces on
kinematically coupled bodies. Specific attention is given to verifying static equilibrium,
determining the error motions that result from contact deformation, and insuring that contract
stresses are less than yield limits.
Chapter 4 continues the topic of designing kinematic pallets. This chapter presents new
techniques for estimating variability within systems of kinematically coupled bodies. The first
approach uses Monte Carlo simulations, and the second approach uses multivariate error analysis.
These techniques are applied to estimating the amount of variation at a single assembly station
and the amount of system-wide variation.
Chapter 5 concludes the thesis with a summary and an overview of future research topics
in precision automated assembly.
Chapter 2 Assembly Automation for an Electrical
Connector
2.1 Introduction
This chapter demonstrates the application of this research in the design and operation of
an automated assembly system for an electrical connector. The VHDMWT daughtercard
connector* is a level-3, board-to-board connector that is predominantly used to connect
daughtercard PCBs with backplane PCBs. This chapter introduces the connector, discusses the
design of its assembly system, and presents an analysis of errors in component insertion. The
assembly system uses the split-groove kinematic pallets discussed in Chapter 3 and Chapter 4.
Section 2.2 gives an overview of the VHDM connector, its components, and the
manufacture of the components. Section 2.2.2 describes two alternative process plans for
assembling the connector. One plan is based on progressive position, and one plan is based on
progressive components.
Two alternative designs are presented for the automated assembly system. Section 2.4
describes an assembly cell that assembles the connector according to either process plan, and
Section 2.5 describes a flexible assembly system that assembles the connector according to the
progressive component process plan. The concepts were evaluated with the Analytical Hierarchy
Process (AHP) which provided a method for selecting the flexible assembly system over the
assembly cell. Section 2.6 describes the design of the flexible assembly system in detail, and
Section 2.7 discusses errors in component insertion. Section 2.8 summarizes the chapter.
2.2 The VHDM Electrical Connector
The VHDM electrical connector70,71, 7 2 is a separable interconnect that transmits electrical
signals between daughtercard PCBs and backplane PCBs in card cage assemblies. The electrical
performance of the VHDM connector is suited for high-speed digital applications where high
connection density is required. For this reason, the connector is used in applications like
The VHDM daughtercard connector was developed at Teradyne Connection Systems (TCS), Nashua, NH
03060. It is now manufactured and sold by TCS and Molex.
networking, telecommunications, high-performance computers, mainframes, and test systems for
integrated circuits.
As shown in Figure 2-1, the complete connector consists of two independent portions -
the daughtercard and the backplane connectors. The daughtercard and backplane connectors are
pressed into plated through holes in the daughtercard PCB and backplane PCB. Figure 2-1 shows
a daughtercard connector (without a daughtercard PCB) being mated with a backplane connector
pressed into a PCB.
Figure 2-1: VHDM daughtercard and backplane connectors
Each customer requires uniquely configured VHDM electrical connectors. The
configuration depends on the design of the backplane PCB, the design of the daughtercard PCB,
and the quantity or type of electrical signals. To meet the configurability requirement, the
connector was designed so that different functions are performed by unique and independent
modules.
The VHDM product line is divided into two product families, the 6-row family and the 8-
row family. The "6-row" and "8-row" expressions refer to the number of signal connections in a
single column of the connectors array of contacts. Each connector module is therefore
manufactured in two sizes, one size for the 6-row family and one size for the 8-row family.
A daughtercard connector attaches to a daughtercard PCB with solderless, press-fit
connections. The press-fit connections are established by deformation in the compliant section of
each contact. The separable interface between a daughtercard and backplane connector is
achieved with a straight signal pin in the backplane connector and opposed flexures in the
daughtercard connector. The flexures act as compliant springs that bend open as the daughtercard
connector is plugged into the backplane connector. These features are shown in Figure 2-2,
which shows a signal wafer that is mated with a backplane connector.
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Figure 2-2: VHDM daughtercard signal wafer mated with backplane connector
Each column of signals in a VHDM connector is shielded from the adjacent column by a
continuous ground plane that extends between the backplane and daughtercard connectors. The
ground plane is formed by a grounded shield in the daughtercard connector that contacts a
grounded shield in the backplane connector. The two ends of the ground planes connect to the
ground layers in the PCBs.
2.2.1 Components in VHDM Daughtercard Connectors
The configurability of a VHDM daughtercard connector is achieved with bus modularity.
Bus modularity, as defined by Ulrich and Tung73, is a product attribute that entails a repetitive
standard interface. The interfaces accept any component or module that satisfies the standard
interface. Bus modularity permits variation in the number and location of the components in the
system. In the case of the VHDM daughtercard connector, the bus is the stiffener, and the
standard components are the connector's functional modules (components). Figure 2-3 shows
two views of the same daughtercard connector. This particular connector is configured with a
guidance polarizer module, followed by a single power module, followed by a pattern of signal
wafer modules.
POSITION
Figure 2-3: Photographs of functional modules in a VHDM daughtercard connector
The following sections describe the currently available daughtercard modules. Since the
examples in this thesis are related to daughtercard connectors, descriptions of the backplane
modules are not presented.
2.2.1.1 Daughtercard Stiffener
The stiffener is the standard repetitive interface in every VHDM daughtercard connector.
Stiffeners are formed from a reel of 0.60 mm (0.0236 inches) thick 304 Stainless Steel with a
progressive die that punches a regular pattern of pilot holes and notches in the stock material.
The pilot holes and notches are all on a 2 mm (0.0787 inches) pitch. A segment of punched
stiffener material is shown in Figure 2-4 (a).
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Figure 2-4: VHDM daughtercard stiffener (a) unbent stock material and (b) bent stiffener
I
The notches along a stiffener's edge attach the connector components to the stiffener.
Each connector component is pressed onto the stiffener so that the notches are filled by the
component's retention clips. The components also extend down into the stiffener's oblong holes
to provide additional stiffness within the connector.
The stiffener material is wound onto a reel and delivered to the stiffener cut-and-bend
machine, shown in Figure 2-5. This machine feeds the strip through a cutting die that cuts a
segment of stiffener material to a particular length. The length of the stiffener depends upon the
connector to be manufactured. The stiffener cut-and-bend machine also forms a 90* bend in the
stiffener with a large pneumatic brake press. The finished stiffener, shown in Figure 2-4 (b), is
ejected from the machine and collected in batches.
(a) (b)
Figure 2-5: VHDM stiffener cut and bend machine (a) full view and (b) close-up view
2.2.1.2 Single-ended Signal Wafer
Single-ended electrical signals are transmitted through daughtercard connectors by
single-ended signal modules (wafers). Drawings of the single-ended signal wafers are shown in
Figure 2-6. Signal wafers are available in two sizes, one for the 6-row product family and one for
the 8-row product family.
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Figure 2-6: Single-ended signal wafers for the VHDM daughtercard connector (a) 6-row
version and (b) 8-row version
The connection between the daughtercard signal wafer and the daughtercard PCB is
created with a pattern of compliant sections. When a daughtercard connector is pressed into a
daughtercard PCB, each compliant section is compressed and a semi-permanent electrical
connection is established. Soldering is not required since retention results from the press-fit. A
6-row, single-ended signal wafer contains eleven compliant sections, six for transmitting signals
and five for ground plane connection. An 8-row signal wafer contains fifteen compliant sections,
eight for transmitting signals and seven for ground plane connection. The column of compliant
sections for the connection to ground is offset from the column of signal compliant sections by I
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Windows
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mm, and each ground compliant section is staggered between the signal compliant sections. The
patterns for the plated through-holes in the daughtercard PCB are shown in Figure 2-7. When a
daughtercard connector is pressed into a PCB, the seating depth is controlled by two plastic
shoulders that sit against the surface of the PCB.
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Figure 2-7: Hole pattern in a daughtercard PCB for signal wafers (a) 6-row version and (b)
8-row version
The connection between the daughtercard connector to the backplane connector is
established with a separable interface between their signal contacts and the shield ground plane.
Each signal is transmitted between a compliant section and a pair of tynes. Tynes are sets of
opposing cantilevered beams that act as springs that bend open when the daughtercard connector
is plugged into the backplane connector. The springs must be designed to establish a sufficient
preload force with the backplane connector's signal pins. Tynes form the separable connections
with the signal pins in the backplane connector. A 6-row signal wafer contains 6 sets of tynes,
and an 8-row wafer contains 8 sets of tynes.
Signals are shielded by a copper ground plane that covers one side of the signal wafer.
The ground plane in a signal wafer connects to a shield in the backplane connector by a set of
flexural springs in the backplane shield. Two plastic retention clips on each wafer clamp the
backplane shield against the wafer's shield.
When the daughtercard and backplane connectors mate, the backplane signal pins slide
through a pattern of windows on the edge of the wafer and squeeze between the tynes.
Chamfered lead-ins around the perimeter of the windows guide the backplane signal pins into the
tynes. Alignment between the signal wafers and the backplane connector's signal pins is
controlled by alignment ribs that slide into the shroud of the backplane connector.
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Signal wafers are pressed onto stiffeners so that the retention clip on the edge of the
wafer slides completely into one of the notches in the stiffener. When the wafer is completely
pressed onto the stiffener, the chamfered protrusions at the end of the wafer extend through the
oblong holes of the stiffener. This provides additional stiffness in the connector and helps insure
that the wafers are held straight within the stiffener. The retention clip is shaped like a "T" (in
cross-section) and is slightly larger than the notches in a stiffener. This results in a press-fit
between the wafers and the stiffeners. Chamfered lead-ins on the retention clip and stiffener
permit misalignment between the wafer and stiffener and guide the wafer into position during
assembly.
Wafers are actually subassemblies that contain two parts, a signal component and a shield
component. Both the signal and shield components are stamped, plated, and over-molded. The
signal component contains signal contacts buried within over-molded plastic. The shield
component contains the continuous ground plane and the over-molded plastic that mates with the
backplane connector. Both components are over-molded in multi-cavity injection molds.
The signal components are carried on a strip of metal, called a lead-frame, which
surrounds the signal module. Signal components are attached to the leadframe with metal strips
called tiebars. The shield component is carried on a smaller metal strip, called a carrier strip.
The shield components are attached to the carrier strip with pairs of tiebars. The carrier strip and
both sides of the lead-frame contain a pattern of holes called pilot holes. The pilot holes are used
with sprockets to feed the strips of components and pilot pins to position the strip in the machine
or dieset.
The signal and shield components are assembled together within wafer assembly
machines, as shown in Figure 2-8. Inside the machine, a signal component is cut from the
leadframe and assembled to a shield component. The signal component is attached to the shield
component with a press-fit between a pattern of plastic posts in the signal module and a matching
pattern of retention holes in the shield. During the assembly of the two components, the tynes of
the signal module must be slid beneath their shelves and into separate cavities in the shield
module.
An inspection station inside the machine verifies that the wafers were assembled
correctly. If the inspection station detects that a wafer exceeds inspection limits, then the
retention clip on the wafer is chopped off. This provides a visible attribute that can be detected in
subsequent assembly operations, but leaves the wafer on the strip to help maintain the strip's
integrity.
The finished wafers exit the wafer assembly machine on the shield components' carrier
strip. At the machine exit, the strip of wafers is wound onto a reel for material transport. The
wafers are then transported to the daughtercard connectors' assembly cell.
Figure 2-8: Wafer assembly machine for VHDM signal wafers
2.2.1.3 Power Module
Electricity for powering circuits on daughtercard PCBs is provided through the backplane
PCB and the electrical connectors. This function is satisfied by special modules for conducting
power. Like the signal wafers, power modules are available in 6-row and 8-row versions. Figure
2-9 shows drawings for the 6-row and 8-row power modules.
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Figure 2-9: Power modules for the VHDM daughtercard connector (a)
(b) 8-row version
6-row version and
Each power module is a subassembly containing two molded plastic parts and stamped
contacts. A 6-row power module contains two power contacts, and an 8-row power module
contains three power contacts. The power contacts are pressed into the molded insulator, and the
alignment guide is pressed onto the insulator from behind the signal contacts. The alignment
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guide restricts the location of the power contacts and insures that the compliant sections will align
with the holes in the PCB. Power contacts are significantly larger than signal contacts and have
four compliant sections per contact. As shown in Figure 2-10, this requires a different hole
pattern in the daughtercard PCB for the 6-row and 8-row power modules.
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Figure 2-10: Hole pattern in a daughtercard PCB for power modules, (a) 6-row version and
(b) 8-row version
A daughtercard PCB often contains multiple circuits that require power in a specific
sequence. When a daughtercard is plugged into a "hot" backplane (i.e. with power supplied to
the backplane), the circuits need power in a particular order to insure proper board operation. In
general, the power contacts mate before the signal contacts. VHDM power modules achieve this
function through a feature called power sequencing.
Sequencing is achieved by mixing contacts with different tail lengths within the power
module. Consequently, the daughtercard connector's power contacts mate with the backplane
power contacts in a specific order. Each daughtercard power contact is available in four different
tail lengths. Therefore, the 6-row power module may be specified in up to 16 configurations, and
the 8-row power module may be specified in up to 64 configurations. A single connector may
contain several different power module configurations.
Like the signal wafers, the power modules are retained on stiffeners with a retention clip.
Each power module has a single retention clip that is approximately 6 mm wide and contains
three plastic sections that slide into two adjacent stiffener notches.
2.2.1.4 Guidance Polarizer
Guidance polarizer modules provide two functions in VHDM daughtercard connectors.
The first function is to align daughtercard connectors with backplane connectors as a
daughtercard PCB is slid into a card cage assembly. This is achieved with a rigid pin mounted on
the surface of the backplane PCB and a blind hole molded into the guidance polarizer module. A
rounded tip on the alignment pin provides a generous lead-in and accommodates initial
misalignment between the daughtercard and backplane connectors.
Occasionally, a customer uses similar daughtercards within the same card cage, and the
configuration of each daughtercard connector may be slightly different. The guidance polarizer
module's second function is to distinguish between these configurations and prevent a
daughtercard from being plugged into an incompatible backplane connector. This functionality is
achieved with a keying system. The keying system consists of a metal bushing that is pressed
into a hole in the guidance polarizer module. The bushing has an octagonal perimeter and a "D"-
shaped hole. For a daughtercard connector to mate with its intended backplane connector, the
bushing's hole must be correctly oriented with a "D"-shaped polarizing pin mounted on the
surface of the backplane PCB. Eight potential orientations, corresponding to the octagonal shape
of the bushing, are available in the keying system, and they are labeled with the letters "A"
through "H".
Guidance polarizers contain single a single retention clip that is about 8 mm (0.315
inches) wide. The clip consumes four notches in a stiffener.
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Figure 2-11: Guidance polarizer modules for the VHDM daughtercard connector (a) 6-row
version and (b) 8-row version
2.2.1.5 Endcap
The endcap module is a simple plastic piece without any contacts that is assembled at the
end of a connector. The purpose of an endcap is to cover the exposed shield of a neighbonng
wafer. Since the shield is only exposed on one side of the wafer, the endcap is only necessary at
that end of the connector. Like the other modules, it is attached to the stiffener with a retention
clip and chamfered protrusions that extend through the stiffener's oblong holes.
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Figure 2-12: Endcaps for the VHDM daughtercard connector (a) 6-row version and (b) 8-
row version
2.2.1.6 Future Modules and Additions to the Product Family
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The VHDM product family will expand throughout the connector's product life cycle.
More functionality and more modules will be added to the current 6-row and 8-row product lines.
Possibilities include wafers for transmitting differential signals, modules for cable 1/0, modules
for coaxial cable connections, and even modules for optical fiber connections. Custom modules
intended for a specific customer are also available when demand is sufficient. The VHDM
product family will even be expanded to include connectors that transmit signals between parallel
PCBs (stacking connector) and between two PCBs with neighboring edges (edge-to-edge
connector).
2.2.2 Configuration and Customization of Daughtercard Connectors
The periodic pattern of notches and oblong holes in stiffeners allows daughtercard
connectors to be configured by varying the type of modules, the quantity of modules, and their
position on the stiffener. Connector modules can be located at any 2mm increment along the
stiffener length. This enables customers to configure connectors for their specific application (i.e.
quantity of signals, type of signals, daughtercard PCB layout, backplane PCB layout, etc.).
Consider a customer that needs to transmit 1200 single-ended signals and provide power
to eight independent circuits. The customer first decides whether a longer connector or a wider
connector is preferable. If the edge of the PCB is short, then the customer may opt for the 8-row
product family that contains more signals per linear inch of connector. If the customer selects the
8-row family, then the 1200 signals require 150 signal wafers, but if the 6-row family is selected
then 200 wafers are necessary. Similarly, the 8 circuits can be powered from either three 8-row
power modules or four 6-row power modules.
A few design rules restrict potential configurations of the components along the stiffener.
The design rules insure that the connectors will function correctly and reduce the variation within
the manufacturing system. For instance, it is recommended that connectors contain guidance
polarizers at the connector end(s). This rule insures that the daughtercard connector will be
aligned with the backplane connector while plugging two PCBs together. The signal wafers must
also be patterned in quantities that are linear combinations of 10 and 25 (e.g. 10, 25, 35, 45, 50,
60, 70, 75, etc.). This insures that the signals will mate with the backplane signal modules that
are only available with 10 columns or 25 columns. Another design rule limits the length of
connectors to 305 mm (12 inches). This rule improves the manufacturability of the connector for
the reasons discussed in Section 2.6.1.
If the quantity of required signals could not fit into a 305 mm (12 inches) connector, then
multiple connectors are joined together with a joiner module. These composite connectors are
often referred to as connector slots. It is common to see slots that contain up to three independent
daughtercard connectors. Slots permit customers to populate the edge of even the largest
daughtercard PCB.
Figure 2-13: Photograph of VHDM daughtercard connector slot
Figure 2-14 shows photographs of three configurations that illustrate the variability in the
connector. The first configuration is a short connector, 28 mm (1.102 inches) long, with a
guidance polarizer and 10 signal wafers. The second configuration is a medium length connector,
140 mm (5.512 inches) long, that contains signal wafers, power modules, and guidance
polarizers. The third configuration is exceptionally long, about 350 mm (13.780 inches), and
contains only signal wafers.
(c)
Figure 2-14: Various configurations of VHDM daughtercard connectors
2.2.3 Module Identification and Connector Recipe
Each configuration of a daughtercard connector is identified with a specific part number.
The configuration information is only stored in drawings because the part-numbering scheme can
not specify the quantity, type, or order of components in the connector. Consequently, a new
method for storing custom configurations is necessary to support a flexible assembly system.
The configuration of a specific daughtercard connector is referred to as the connector's
recipe. The recipe specifies the order, type, position, and quantity of modules that are assembled
to a stiffener. The notation of the recipe should be efficient, machine interpretable, and ASCII
based. It is also advantageous if connector recipes are storable as records in a relational database.
If the database resides on a network server, then the connector recipes are accessible by any
networked assembly machine. This section describes one method for storing connector recipes in
a relational database.
The first step in developing a flexible approach to storing connector recipes is to identify
each connector module. Every type of connector module must be assigned a unique ID. For
instance, the 64 permutations of 8-row power modules and 16 permutations of 6-row power
modules should be assigned a unique ID. Similarly, the six permutations of 8-row and 6-row
guidance polarizers should have unique IDs. The identification scheme presented here is based
on 3 integers. The first integer represents the number of notches consumed on the stiffener by the
connector module, and the next two integers specify the actual module. A summary of the
proposed IDs for the current connector modules is presented in Table 2-1.
Table 2-1: Connector module identification
Module Description Module ID
6-Row Single-ended signal wafer 101
8-Row Single-ended signal wafer 102
6-Row Endcap 151
8-Row Endcap 152
6-Row Power Modules 301-316
8-Row Power Module 325-389
6-Row Guidance Polarizer 401-406
8-Row Guidance Polarizer 411-416
The recipe of the components in a connector is a sequential list of the modules that
appear along the length of a stiffener. The list begins at the right end of the connector and
progresses to the left end of the connector. The ordered list consists of a Module ID followed by
the quantity for that specific Module ID. The end of the recipe is indicated by a Module ID of 0
with quantity of 0. Table 2-2 shows the recipes for the three potential connector configurations
that are illustrated in Figure 2-15.
Table 2-2: Examples of connector recipes
Connector Module Qty Module Qty Module Qty Module Qty Module Qty
Part Number ID ID ID ID ID
106-8621-11 403 1 315 3 101 35 151 1 0 0
108-3221-25 102 50 332 2 102 30 413 1 0 0
106-2531-72 101 10 303 1 0 0
Left
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Figure 2-15: Three configurations of VHDM daughtercard connectors (a) PN 106-8621-11,
(b) PN 108-3221-25, and (c) PN 106-2531-72
2.3 Assembly of a Daughtercard Connector
Now that daughtercard connectors and their modular components are familiar, it is easier
to consider the assembly of the components to the daughtercard stiffener. Section 2.3.r and
nl tii
End
Section 2.3.2 summarize the functional requirements for the assembly system and describe two
alternative assembly process plans.
2.3.1 Functional Requirements for the Assembly System
In the style of Axiomatic Design, the functional requirement to assemble a daughtercard
connector is decomposed into the nine requirements summarized in Figure 2-16. These nine
requirements cover the preparation of the stiffener, transfer and presentation of connectors, the
insertion of the various modules onto the stiffener, connector inspection, and connector
packaging. These nine requirements are independent of the type of assembly system and must be
satisfied whether the assembly system is automated or manual.
The first requirement of the assembly system is to prepare the stiffener for the connector.
This requirement involves unreeling the material, cutting it to the appropriate length for the
connector, and forming a 90 degree bend. It also includes loading the stiffener into the
mechanism used for transporting the connector through the assembly system. FR 1.2 captures the
requirement that empty stiffeners, partially assembled connectors, and finished connectors must
move through the assembly system to multiple stations. Once a stiffener or connector arrives at
an assembly station, the stiffener or connector must be presented (positioned or oriented) so that
the connector modules can be inserted at the proper position along the length of the stiffener (FR
1.3). The functional requirements FR 1.4 through FR 1.7 require that the connector modules
(signal wafers, guidance polarizers, power modules, and endcaps) be pressed onto the stiffener.
After inserting all the modules onto the stiffener, each connector must be inspected (FR 1.8) and
packaged within its shipment container (FR 1.9).
Figure 2-16: Functional requirements for the assembly of a VHDM daughtercard connector
2.3.2 Assembly Process Plans
Although many potential designs satisfy the assembly system's functional requirements,
the connectors must be assembled according to an assembly process plan. Two fundamentally
different process plans are feasible. In this thesis, these process plans are referred to as
progressive position and progressive components.
According to the progressive position process plan, a connector is assembled by pressing
on the connector modules starting at the connector's right end and progressing to the connector's
left end. This is illustrated in Figure 2-17 for a connector whose recipe consists of a single
guidance polarizer, 25 signal wafers, 4 power modules, 25 more signal wafers, and an endcap.
For the example connector, the first step is to insert the guidance polarizer module at the
right end of the connector. Twenty-five wafers are added to the left of the guidance polarizer.
Four power modules follow the first set of signal wafers, and an additional twenty-five wafers are
assembled after the power modules. Finally, an endcap is assembled at the left end of the
connector.
The principal advantage of this process plan is that it naturally accommodates the
interlocking between adjacent modules on the stiffener. Neighboring modules are interlocked by
two methods. The first method is a slight offset in the side surfaces of the components that
results in one component overhanging its neighbor. The second interlock method only exists
between adjacent signal wafers. The plastic posts on the shield side of a signal wafer extend into
molded grooves on the signal side of the next signal wafer.
There are two principal disadvantages to this process plan. The first disadvantage is that
every connector with a different recipe requires a different assembly sequence. This disadvantage
affects the routing of the connector in the assembly system, and therefore complicates the
material handling process. The second disadvantage is exhibited when the same type of module
is present at two locations on the stiffener and the locations are separated by other types of
modules. This scenario is evident in the example connector, where the signal wafers are
separated by a cluster of power modules. To accommodate this frequent trait, the assembly
system must circulate the connector through the same assembly station multiple times or shuttle
between assembly stations. This is undesirable since it reduces the efficiency of the system by
increasing the transfer time or duplicating set-ups at the same assembly stations.
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Figure 2-17: Assembly process plan #1: progressive position
The progressive components process plan addresses the disadvantages of the progressive
position process plan. According to this process plan, daughtercard connectors are assembled by
pressing on all modules of the same type before advancing to the next type of module. This
process plan is illustrated for the example connector in Figure 2-18.
In this process plan, the first step is to insert all of the signal wafers onto the stiffener.
Then the connector is transferred to another station where the guidance polarizers are inserted
(Step 2). The next steps (Step 3 and Step 4) add the power modules and endcaps to the
connector. Each type of component is added to the stiffener from right to left.
The interlocking of neighboring signal wafers is accommodated by assembling all the
wafers onto the stiffener from right to left. Unfortunately, the interlocking from the overlapping
shelves in the remaining components is dealt with by forcing the neighboring components to lean
to their side so that the shelves clear each other during insertion. The overlap of the shelves is so
slight that the components being pressed onto the stiffener can sufficiently force the neighboring
components to lean without requiring additional restraints. This process plan was used
successfully during months of manual assembly.
Experiments were performed to evaluate eliminating the interlocking shelves. Prototypes
of power modules and guidance polarizers with the shelves machined away showed little affect
on the torsional stiffness of the connector. This has not been implemented in the daughtercard
connector, however.
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Figure 2-18: Assembly process plan #2: progressive components
2.4 Connector Assembly Cell
One possible embodiment for the automated assembly system is an assembly cell, such as
the one shown in Figure 2-19. In this thesis, this embodiment is referred to as an assembly cell
because the system contains only two machines and the assembly is performed on a single
machine. The assembly cell is based around a connector assembly machine that is integrated with
a stiffener cut and bend machine by a pallet conveyor system. This stiffener preparation station
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cuts and bends the stock material, and then it loads it into a palletized fixture. The conveyor
system transports the empty stiffeners to the connector assembly machine. The connector
assembly machine unloads the stiffener from the pallet, presses the modules onto the stiffener,
and loads the finished connector back onto the pallet. The conveyor system then transports the
connector to an inspection station and a packaging station.
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Figure 2-19: Concept #1 for system layout: assembly cell with connector assembly machine
For the assembly cell, the functional requirements summarized in Figure 2-16 are
satisfied by the design parameters summarized in Figure 2-20. The level-i design parameters are
the stiffener station, the palletized fixture, the conveyor system, the connector assembly machine,
the inspection station, and the packaging station. It is important to note that this design does not
meet the level-I functional requirements with only the level-I design parameters. The connector
assembly machine's design parameters are further decomposed into four level-2 design
parameters that meet the functional requirements for processing the signal wafers, guidance
polarizers, power modules, and endcaps.
I
Figure 2-20: Design parameters of an assembly cell
In the conceptual design of the assembly cell, the connector assembly machine is the
fundamental component of the system; the design of the assembly machine will affect the
functional requirements of the remaining level-I design parameters. Therefore, the alternative
embodiments of the assembly machine are considered first.
Two fundamentally different approaches for presenting (positioning and orienting for
module insertion) the stiffeners are possible. One approach is to hold the stiffeners stationary and
move every module to the insertion position along the stiffener. The second approach is to
shuttle the stiffener to multiple positions where a different module is pressed onto the stiffener at
each position. The first approach complicates the handling of every connector module, but the
second approach only complicates the handling of the stiffeners. Therefore, the second approach,
shuttling the stiffener, was considered more viable.
The shuttle for a stiffener can be designed as a rotary shuttle or as a linear shuttle. It is
possible to design both methods with the stiffener in a horizontal or vertical orientation. Because
of the machine layouts, however, the rotary shuttle is better suited to a vertically oriented
stiffener, and the linear shuttle is better suited to a horizontally oriented stiffener.
In the rotary embodiment, the stiffener is held in a vertical orientation at the center of the
assembly machine. Each of the different connector modules is inserted at different angular
positions around the stiffener. Therefore, the stiffener presentation consists of two separate
motion systems, a rotary motion around the stiffener's center axis and an index motion that
increments the stiffener to the correct elevation. The rotary embodiment of the stiffener shuttle is
conceptually illustrated in Figure 2-21.
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Figure 2-21: Concept #1 for indexing stiffener: rotary indexing
In the linear embodiment, the stiffener is held in a horizontal orientation with the notches
upward, and the connector modules are inserted at different positions along the length of the
machine. Therefore, the stiffener presentation consists of a single motion system that shuttles the
stiffener to the insertion locations and indexes the stiffener. The linear embodiment is
conceptually illustrated in Figure 2-22.
Both the rotary and linear embodiments permit the progressive position process plan or
the progressive components process plan. The principal advantage of the linear embodiment is
that only a single servo motion is necessary for stiffener presentation. The principal advantages
of the rotary embodiment are that long stiffeners have little affect on the size of the machine and
that the presentation of the stiffener is probably faster since the stiffener is rotated. A single
stiffener can be rotated to the correct angular position much quicker than linearly shuttling to a
new position.
To achieve acceptable assembly rates, the linear shuttle machine requires a high-
acceleration and high velocity linear motion system. The shuttle transports the stiffeners and
partially assembled connectors between machine modules positioned along the length of the
machine. Each machine module performs a different function. For instance, one module would
unload stiffeners from pallets and load finished connectors back onto the pallet. Another module
would stitch signal wafers onto the stiffener, and additional modules would insert guidance
polarizers, power modules, and endcaps.
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The design for a linear shuttle machine is illustrated in Figure 2-23. Shuttle tables
holding a single connector move between machine modules. This design uses a long welded base
structure that supports a linear motion system running the length of the machine. The linear
bearing rails with recirculating balls separated with a plastic retainer (THK SSR) are well suited
for this application. These bearings allow velocities up to 5 m/s since collisions between balls are
prevented by the retainer. A linear motor is the best choice for actuating the linear shuttle since it
scales to long machines without loss of stiffness or performance. The conveyor system that
transports the pallets to and from the connector assembly machine is mounted on the front of the
machine base.
A unique feature of the machine shown in Figure 2-23 is that a second shuttle table can
be added to the machine that would operate on the same bearing structure but with a second linear
motor coil. With this design, the machine can operate two separate modules for stitching wafers
and share the auxiliary modules that insert the guidance polarizers, power modules, and endcaps.
This increases the capacity of the machine and better utilizes the production capability of the
auxiliary machine modules. With this form, the machine would consist of two load/unload
stations, two signal wafer stitchers, one power module station, one guidance polarizer station, and
one endcap station. Additional stations along the shuttle would provide space for wafer stitchers
that insert differential signal wafers and mechanisms for inserting future connector components
such as fiber optic modules.
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The machine for the rotary embodiment might look similar to the cluster machines used
for semiconductor wafer processing. The stiffener/connector would be held in the center of the
cluster and machine modules would be stationed around the perimeter of the machine. The
stiffener could be held on a rotary platform that was lifted by a telescoping screw and bearing
system. Each machine module around the perimeter of the cluster machine would have a
different function such as loading or unloading stiffeners into the machine and inserting different
connector modules onto the stiffener.
Both the rotary and linear shuttles have fundamental limits on the quantity of machine
modules that can be mounted within a single machine. Unfortunately, this limits the quantity of
connector components that can be inserted on the stiffener within a single machine. In the case of
the rotary embodiment, the quantity is limited by how densely the machine modules can be
packaged around the perimeter of the stiffener. It is difficult to package more than four to six
machine modules around the rotating stiffener. If one of the machine modules is used to load and
unload stiffeners into the machine, then only three to five modules are available for inserting
connector modules. Although not as severe, the linear shuttle embodiment has a similar
limitation because the length of the machine is proportional to the number of machine modules.
These are important constraints since there are already four connector modules already available
(single-ended signal wafer, guidance polarizer, power module, and endcap) and several others are
expected.
Another concern with the rotary and linear shuttle machines is accessibility to the
machine. In the linear shuttle machine shown in Figure 2-23, access to the backside of the
machine is nearly impossible due to the density of the material feed systems. In the cluster
machine, material feed systems are wrapped almost entirely around the machine.
Both the linear shuttle and cluster machines require complex control systems. This is due
to the number of machine modules incorporated into each machine. This increases the number of
servo axis and the number of discrete inputs and outputs that are necessary for each machine.
The development of the machine's control system is difficult and requires substantial
development effort. However, it is less expensive than having separate controllers for each
module.
2.5 Connector Flexible Assembly System
A second design concept is a flexible assembly system. Flexible assembly systems
generally consist of independent stations or machines that are integrated together with a conveyor
system. The stations can be automated or manual. In a flexible assembly system, the conveyor
system transfers the product being assembled from station to station. Junctions or intersections
between the system's stations permit the palletized product to take different routes through the
conveyor system. A pallet's route depends upon the product's assembly sequence, process plan,
or recipe as well as the state of the machines or stations. This routing flexibility is the primary
differentiator between an assembly cell and a flexible assembly system.
Flexible routing of products through the assembly system has several advantages. The
most fundamental advantage is the ability to reconfigure the system by rearranging, adding, or
removing stations or machines. Reasons for reconfiguring the system layout include balancing
the production of upstream stations or increasing the system's manufacturing capacity. The
addition of redundant stations in parallel with unreliable stations increases the total system's
reliability, and the addition of redundant stations in parallel with bottleneck stations increases
system throughput.
The scalable nature of a flexible assembly system is ideally suited for the introduction of
a new product line. Since most products require multiple operations, the system will probably
consist of several unique types of stations or machines, and each station or machine may require
additional development time and expense. Since the system can easily be reconfigured and
expanded, stations may be prioritized and developed sequentially. This is often beneficial in
circumstances where engineering staffing is insufficient to develop all stations concurrently. It
also permits a development organization to focus on those stations that are critical to product
release and later add additional stations to reduce manufacturing costs or improve yields.
The development time and expense of the system's stations are further reduced by
standardizing machine elements that can be applied at multiple stations. In assembling the
VHDM daughtercard connector, the presentation of the stiffener is a logical element to
standardize since each station must position and index the stiffener to the correct insertion
position.
The disadvantage of a flexible assembly system is the increased expense that arises from
having several independent machines within the automated assembly system. The capital
requirements for the system are higher since each station requires an independent control system,
base, guarding, etc.
2.6 Design of the Flexible Assembly System
The functional requirements for the assembly system, shown in Figure 2-16, are met by
the design parameters that are shown in Figure 2-24. Unlike the assembly cell, the flexible
assembly system satisfies the functional requirements with only level-I design parameters. The
design parameters include a stiffener station for stiffener preparation, a palletized fixture, a
conveyor system, independent stations for component insertion, an inspection station, and an
unload/packaging station. Although several of these design parameters are also required in the
assembly cell, they differ significantly when decomposed further.
Figure 2-24: Design parameters for a flexible assembly system
The assembly system was designed with several principles in mind. The system should
consist of machine modules that enable agile attributes such as scaleability, reconfigurability, and
adaptability. The system should be flexible enough to produce unique connector configurations
in batch sizes of one connector. This eliminates any need to produce connectors in batches, and it
is beneficial when collecting connectors to package for a slot. Integrated inspection systems
should verify the quality of incoming material, and bad parts should be scrapped early in the
assembly process to minimize the value added to scrap material. Each station should be designed
to maximize its production rate, because the ability to add stations in parallel means that any
station can become the bottleneck as the system grows. The system should permit queues to form
between the stations that prevent the system from halting when upstream stations fault or jam.
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Figure 2-25 shows a simple layout for the flexible assembly system. The layout contains
five automated stations. In this layout, each pallet progresses through the stations whether or not
it requires the process performed at the station. To satisfy the progressive components assembly
process plan described in Section 2.3.2, the first station on the conveyor line inserts all of the
wafers on the connector. The next three stations insert the power modules, guidance polarizers,
and endcaps. The final station inspects the entire connector. This system layout is the simplest
possible layout, since there are no intersections between the stations.
Figure 2-25: Concept #2 for system layout: flexible assembly system
2.6.1 Connector Pallet and Fixture
A pallet transports the connector between assembly stations, and a fixture that is mounted
on the pallet holds the stiffener or connector during component insertion. Two versions of the
connector fixture are necessary - one version for holding 6-row connectors and another version
for holding 8-row connectors.
Before designing the pallet or fixture, a specification on the maximum stiffener and
connector length was determined. Ideally, the assembly system could handle long stiffeners so
that the number of connectors within a slot can be minimized. Long stiffeners cause several
complications in automated assembly, however. For instance, the bending operation that forms a
stiffener into a right angle causes the stiffener to twist along its length. The total twist angle
increases with the length of the connector. Manufacturing long connectors also requires large
pallets and fixtures, and it increases the length of the shuttle or indexing motions.
An evaluation of customer requirements, a manufacturing capability study on the amount
of twist in stiffeners of different lengths, and an investigation of available pallet sizes indicated
that a 12 inch stiffener was a reasonable compromise.
To accommodate stiffeners up to 305 mm (12 inches) long, a 320 mm x 160 mm (12.598
inches x 6.299 inches) pallet was selected from Bosch Automation's TS-2 product line. The
pallet provides all the functionality necessary for use on any Bosch TS-2 conveyor line. A Bosch
pallet contains a steel (or aluminum) plate surrounded by a plastic frame. The steel plate provides
a mounting surface for the fixture. Metal tags are mounted on the plastic frame for triggering
proximity switches. Wide channels that are molded into the frame create channels beneath the
pallet for clearing the pneumatic stops mounted along the conveyor line. The plastic frame is
fixed to the metal plate by pressing four hardened bushings through holes in the plastic frame and
steel plate.
The same bushings that hold the pallet together also provide a method for locating the
pallet at assembly stations. The bushings fit around precision pins mounted at the assembly
station. This method locates the pallet within ±0.05 mm (_+0.002 inches). Unfortunately, the
error budget presented in Section 2.7 shows that pallet repeatability errors need to be about
+0.005 mm (+0.0002 inches). Therefore, this location method is insufficient for the connector
assembly system.
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Figure 2-26: Illustration of a Bosch TS-2 pallet*
SImage provided courtesy of Bosch Automation Products, 816 E. Third St., Buchanan, MI 49107.
A fixture that mounts on the pallet's steel plate must be capable of holding empty
stiffeners, partially assembled connectors, and fully assembled connectors. This makes holding
stiffeners and connectors difficult because there is little accessible real estate available on the
stiffener after components are pressed onto the stiffener. The clamping force or potential energy
that holds the stiffener or connector should be integral to the fixture so that the connector is
firmly held whether it is on a machine or on the conveyor. Furthermore, the holding method
should permit a machine to load stiffeners or connectors by an automated machine.
The fixture must also precisely locate the stiffener in the correct position and orientation.
The pilot holes are the most precise features in the stiffener and are therefore the best features for
locating the stiffener. A pattern of pins that fit into the stiffener's pilot holes act as references for
positioning the stiffener.
The pallet or fixture must also contain features for precisely locating the connector at
assembly stations. A kinematic coupling with magnetic preload was used to locate the pallet.
The design of the kinematic coupling is covered in detail in Chapter 3 and Chapter 4.
Each pallet must possess a unique identifier that is recognizable by a machine. Machines
use the identifier to determine the recipe for the connector that is on a specific pallet. After the
machine reads the identifier, it queries a database to determine the connector part number that is
currently on the pallet, and then it queries a second database to determine the recipe for that
specific part number. Then, the machine can insert the correct quantity of components in the
correct location on the stiffener.
Several alternative methods are available for identifying pallets in flexible assembly
systems. One option is encoded "tags" that store unique radio frequency (RF) patterns that can be
detected and interpreted by special machine sensors. U'fortunately, these sensors require a
custom interface between the RF sensor and the machine's control system. To avoid the custom
interface, an alternative identification method was used. The alternative method depends upon
each pallet containing a pattern of hex-head screws that are read as a binary number. A pattern of
eight tapped holes was designed into the rear edge of the pallet. The eight tapped holes are
populated with up to eight hex-head screws, and the presence or absence of a screw represents a
single bit in the binary pallet ID. With eight screws, 256 (28) unique numbers are available to
identify each pallet. The first bit separates 6-row pallets from 8-row pallets. This permits 6-row
and 8-row machines to be used in the same conveyor system. A pattern of proximity (optical,
inductive, or capacitive) sensors can be used in the machine to determine the binary identification
of a pallet.
Initially, the fixture was designed to hold the stiffeners and connectors in the center of the
fixture, independent of the stiffener length. Two spring-loaded clamps provided the forces for
holding the connector in position. The two clamps closed against the edge of the stiffener or
against the plastic of any inserted components. The clamps were mounted on cross-roller
bearings so that the machines can open the clamps during component insertion and close the
clamps at all other times. One of the two clamps must be closed at all times. Figure 2-27 shows
a cross-section view of the original fixture with the rolling clamps.
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Figure 2-27: Concept for a double-jaw connector fixture (designed as part of this thesis)
Unfortunately, the requirement that the stiffener or connector be held in the center of the
fixture complicated the machine control system since the end of every connector had to be
determined prior to inserting any components. Consequently, the spring-loaded clamps were
replaced with a passive clamping method that does not require the stiffener or connector to be
positioned in the center of the pallet. This solved the control system problem and eliminated the
need for the machine mechanism that opened and closed the spring-loaded clamps. A third
revision on the fixture design returned to a rolling clamp concept, but used a thin rib for clamping
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that did not need to be opened during component insertion. Photographs of these pallet prototype
revisions are shown in Figure 2-28.
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Figure 2-28: Prototype revisions for connector fixture
2.6.2 Conveyor System and Pallet Flow
The conveyor system was designed to operate initially as a two-lane system. One lane
carries the pallets, loaded with empty stiffeners or connectors, to the assembly stations. The
second lane recirculates empty pallets to the beginning of the assembly system after the connector
is removed. In the future, when multiple stations of the same machine are in.:orporated, a third
lane will be necessary. In this configuration, one lane is the operation lane, the second lane is a
by-pass lane, and the third lane is the recirculation lane. Traffic intersections between the
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assembly stations allow pallets to be transferred between the by-pass lane and the operation lane.
This arrangement permits incremental capacity to be added to the manufacturing system by
adding multiple stations performing the same operation.
Bosch Automation's TS-2 line of modular conveyor elements was selected as the basis
for the conveyor system. Each conveyor lane pulls the pallets with two anti-static belts supported
by two aluminum extrusions. The belts are pulled continuously by rollers mounted within drive
units at the end of conveyor segments. The length of a conveyor segment is increased by adding
another segment aluminum extrusions and increasing the belt length by splicing in new belt
material. As shown in Figure 2-29, this facilitates easy expansion of the conveyor system.
Transverse conveyor units are mounted at the ends of the conveyor segments to transport pallets
between the operating and recirculating lanes.
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Figure 2-29: Expandability of connector conveyor system
As discussed in Section 2.3.2, an indexing motion must advance the stiffener or
connector past the insertion point. This index motion can not be performed directly on the
conveyor line because the positional accuracy of the belts on the aluminum extrusions is
insufficient. Therefore, the pallet and fixture must be removed from the conveyor. Careful
consideration was given to optimizing this material handling operation. The selected approach is
illustrated with a portion of the conveyor shown in Figure 2-30.
Three pallets are shown in the figure. The left pallet is the queued pallet, which is resting
idly on the moving belts. The pallet is held in place by a pneumatic stop beneath the pallet that is
mounted between the aluminum extrusions. The pallet in the foreground is an empty pallet being
recirculated by the belts to the beginning of the assembly system. The third pallet, suspended
above the belts, is the active pallet that is currently receiving components at the insertion point.
The active pallet is first lifted off the conveyor so that the stiffener is elevated at the insertion
height. The active pallet is then indexed past the insertion point so that components can be
pressed onto the stiffener at any position along the length of the pallet. The active pallet pauses
briefly at positions along the index path while components are pressed onto the stiffener. When
the active pallet is completed, it is lowered back onto the conveyor, and the belts carry the pallet
to the next assembly station. A sensor detects that the active pallet exited the assembly station,
and the queued pallet is then released. The belts move the queued pallet to the pick-up position,
and the cycle begins again.
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Figure 2-30: Flow of pallets through an automated assembly station (designed as part of this
thesis)
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2.6.3 Modular Indexer
The flow of pallets through an automated assembly station is similar for all assembly
stations, and it is therefore ideal for implementing as a modular element that is reusable in all
automated stations. As shown in Figure 2-31, the modular indexer can be reused in the wafer
stitch station, the guidance polarizer station, the power module station, the endcap station, and the
inspection station. The modular indexer is combined with component feed systems and
component process modules to form complete automated machines. For instance, the wafer stitch
station, described in Section 2.6.5, consists of a dereeler, a modular indexer, and a wafer stitch
process module.
Figure 2-31: Reuse of modular indexer in automated assembly stations
As shown in Figure 2-32, the modular indexer serves many functions in addition to
presenting the active pallet at the insertion point. Other functions include providing the primary
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structure for the automated machine, reading the pallet identification, locating the component
process modules, and furnishing the pneumatic system, the electrical system, and the control
system. The electrical system and control systems are the only functions that differentiate
between the modular indexers used at each type of station. These functional requirements are
satisfied by the design parameters summarized in Figure 2-33.
Figure 2-32: Functional requirements of the modular indexer
Figure 2-33: Design parameters of the modular indexer
The structural support of the machine is provided by the machine base. Attached to the
machine base are the electrical system control cabinets, electrical connection tubes, connections
to the pneumatic supply system, and bolting pads for mounting component process modules.
Two control cabinets, one on the front of the machine and one on the rear of the machine, were
necessary to provide adequate space for the electrical system components. Two sealed electrical
connection tubes on the top of the machine base equip the machine with electrical connectors for
connecting to the component process modules.
The lifting and lowering of the pallet is provided with a vertical linear motion axis. The
lift axis consists of a lift plate that is supported by recirculating ball linear bearings and powered
by an AC servo motor, right angle gearbox, and ballscrew. The index motion axis, stacked on the
lift axis, advances the pallet past the insertion point. The index axis consists of a machine
carriage that is attached to the lift plate with recirculating ball bearing linear bearings and is
powered by an AC servo linear motor.
The machine carriage is shaped as an open channel to wrap around the aluminum
extrusions of the conveyor system. A kinematic coupling is incorporated into the machine
carriage for precisely positioning the pallet at the machine. The design of the kinematic coupling
is described in Chapter 3. A linear pattern of eight fiber-optic proximity sensors is mounted
within the machine carriage for identifying the pallet on the carriage.
Pallet traffic is regulated by pneumatically actuated stops that are mounted on the
aluminum extrusions of the conveyor system. An additional pattern of fiber optic sensors is
mounted on the conveyor system for sensing the identification of the queued pallet.
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Figure 2-34: Modular indexer without conveyor system (designed as part of this thesis)
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Figure 2-35: Modular indexer (a) plan view and (b) cross section (designed as part of this
thesis)
Examples of typical motion profiles for the index servo axis are provided in Appendix A.
The distance, travel time, acceleration, and peak velocity are summarized in Table 2-3.
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Table 2-3: Performance of index motion on modular indexer
Distance Time Acceleration Peak Velocity
(cm) (sec) (g's) (cm/sec)
2mm Index Move 0.203 0.068 0.552 13.0
Pallet Drop-off to Pallet Pick-up -30.00 0.576 -0.886 -57.3
2.6.4 Wafer Stitch Process Module
The wafer stitch process module (wafer stitcher) is a machine sub-assembly that performs
the manufacturing operations necessary to insert signal wafers onto a stiffener. Two versions of
the wafer stitcher were designed - one version for processing 6-row signal wafers and one
version for processing 8-row signal wafers. The same mechanical design is also applicable to
processing differential signal wafers since their exterior is identical to single-ended signal wafers.
Figure 2-36 shows a drawing of the wafer stitcher process module. The stitch process
module includes four primary components:
* the stitcher that processes signal wafers,
* a mount plate assembly that consists of the mount plate,
* a left auxiliary panel, a right auxiliary panel, and
* the man-machine interface (MMI) computer.
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Figure 2-36: Wafer stitcher process module (designed as part of this thesis)
The mount plate is a generic plate that provides the geometry and features for attaching a
process module to the top of a modular indexer. A 3.175 mm (0.125 inches) thick layer of
IsoDamp vibration isolation material is pinched between the bottom of the mount plate and the
top of a modular indexer's welded structure. The damping material helps isolate the process
module from vibrations induced by the servo axes in the modular indexer.
The inside surfaces of the left and right auxiliary panels provide area for mounting all
pneumatic system components such as solenoid valves, flow regulators, soft-start solenoid valves,
and pressure regulators. The outside surfaces of the auxiliary panels provide area for mounting
electrical system components such as the vision system hardware, fiber-optic sensor amplifiers,
and banks of electrical connectors.
All process modules are independent machine sub-assemblies. They attach to modular
indexers via a standardized mount. Electrical connections are all made from the auxiliary panels
to the electrical connection tubes on top of the modular indexer. This independence allows
process modules to be designed, fabricated, and tested in parallel with a modular indexer. Then
the process module can be mounted on a modular indexer as shown in Figure 2-37.
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Figure 2-37: Mounting of wafer stitch process module onto a modular indexer (designed as
part of this thesis)
Signal wafers, like those shown in Figure 2-38, are fed into a stitch process module. The
carrier strip serves two principal functions within the wafer stitcher. First, it provides a
mechanism for feeding the strip of wafers through the machine. Secondly, the pilot holes in the
carrier strip provide the datums that locate the strip when the punches and dies perform cutting
operations. As the punches and dies are actuated, pilot pins with bullet noses engage with the
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pilot holes and pull the strip to the correct position. This means that the feed system must not
constrain the strip or prevent the pilot pins from moving the strip of wafers. This is achieved with
backlash in the feed system's drive train and by cutting power to the feed motors. The wafers are
separated from the carrier strip by cutting the tiebars near the plastic's edge.
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Signal wafers on carrier strip (a) shield side and (b) signal side
The stiffener clip, labeled in Figure 2-38 (a), provides a mechanism for communication
between the wafer assembly machines and the wafer stitch stations. If the outgoing inspection in
a wafer assembly machine detects that the signal module was assembled incorrectly to the shield
module, then it shears the stiffener clip from the bad wafer. The vision system in the wafer
stitcher detects the absence of the clip and scraps the wafer.
The wafer stitcher feeds the strips of wafers into the machine, inspects every wafer,
scraps bad wafers, and inserts good wafers onto a stiffener. The wafers are pulled into the
stitcher by their carrier strip. Within the stitcher, each wafer is inspected by a vision system, and
any bad wafers are cut from the carrier strip. Wafers that pass the inspection progress to the front
of the stitcher where they are cut from the carrier strip and pressed into a stiffener that is held on a
pallet beneath the stitch head.
The functional requirements and design parameters that support these operations are
summarized in Figure 2-39 and Figure 2-40, respectively. The functions include feeding the strip
through the stitcher, inspecting the incoming wafers, cutting and disposing of bad wafers, cutting
and disposing of the carrier strip, gripping the loose wafer, and pressing the wafer onto the
stiffener. These functions are satisfied by the design parameters in Figure 2-40.
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Figure 2-39: Functional requirements for wafer stitch process module
Figure 2-40: Design parameters for wafer stitch process module
The layout of the machine elements associated with these design parameters is shown in
Figure 2-41. The strip of wafers is fed through the stitcher by a set of sprockets, driven by a
motor at the rear of the stitcher and a motor at the front of the stitcher. A backlight illuminates
the wafer at the inspection station, and an optical prism reflects the image into a vertically
mounted camera sensor.
The scrap punch and die are positioned ahead of the vision system. The scrap die is held
stationary, and the scrap punch is actuated by a pneumatic cylinder. Scrapped wafers are sucked
away from the stitcher through a scrap tube powered by a venturi-style vacuum generator. The
final station is the insert position where the main punch, main die, and gripper are located. Both
the Inain punch and die are actuated with pneumatic cylinders. The die holds the wafer in
position while the stitch gripper moves down and grabs the wafer. The main punch is then
actuated to cut across the tiebars and the across the carrier strip. The main punch and die are then
retracted (the loose wafer remains held by the gripper), and the wafer is pressed onto the stiffener
by lowering the gripper.
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Figure 2-41: Layout of functional elements in wafer stitcher process module
The functional elements of the wafer stitcher are supported by three primary plates that
provide the precision datums and reference edges for locating the machine's bearings and
components. Although this results in more complex geometry (and therefore more expensive)
within a single part, it minimizes the assembly stack-up errors and establishes machine precision
in the minimum number of manufacturing operations and setups. This principle is essential to
reducing the total variation between multiple machines.
Each signal wafer is inspected by the black and white vision system. Two sample images
from the vision system are shown in Figure 2-42. The first image shows an acceptable wafer, and
the second image shows an unacceptable wafer. The unacceptable wafer fails the inspection for
several reasons. It contains bent contacts, the backplane clips and stiffener clip are missing, the
daughtercard PCB shoulder is missing, and flash is present at the bottom of the wafer.
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Figure 2-42: Images from wafer stitcher vision system (a) acceptable and (b) defective wafer
Bad wafers, detected by the vision system, are cut from the carrier strip by the scrap
punch and die. The scrap punch assembly is actuated by a pneumatic air cylinder. The scrap
punch contains ejector pins that push the scrapped wafer into the scrap tube where it is sucked out
of the machine and into a scrap bin behind the machine. The vacuum is generated with a venturi
vacuum generator. The scrap punch assembly and its air cylinder are shown in Figure 2-43.
Wafers not cut from the carrier strip by the scrap punch and die are fed to the main punch
and die at the front of the stitcher. The main punch and die cut the tiebars and the end of the
carrier strip. In the cutting sequence, the main die presses the wafer against the punchside
feedplate. During this operation, the wafer is located by the pilot pins in the main die assembly
and is essentially trapped by the die. The punch is then actuated and the carrier strip is cut away.
Ejector pins push the carrier strip through the relief in the main die and into another scrap tube. A
second vacuum generator pulls the segment of carrier strip out of the machine and into a second
scrap bin behind the machine. The main die assembly is shown in Figure 2-43, and the main
punch assembly is shown in Figure 2-44.
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Figure 2-43: Photograph of die side of disassembled wafer stitcher
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Figure 2-44: Photograph of punch side of disassembled wafer stitcher
Great effort was taken to optimize the performance of the punches and dies. This
includes limiting the actuated strokes to their minimum distances, minimizing the mass of the
punch and die assemblies, specifying high-speed solenoid valves, mounting the valves beside the
air cylinders, and including quick dumps at each cylinder port. The actuated strokes of the main
die and main punch are about 8.13 mm (0.32 inches) and 8.64 mm (0.34 inches), respectively.
Both the punch and die assemblies are instrumented with linear variable differential transformers
(LVDTs) to measure the performance. The 19.05 mm (0.75 inches) stroke LVDTs provide an
effective method for evaluating different configurations of the pneumatic system. Additional
experiments can be conducted to evaluate smaller air cylinders and alternative quick-dumps at the
cylinders' exhaust ports. The performance of the current configuration is shown in Figure 2-45.
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Figure 2-45: Position measurements of stitch station's main punch and die during operation
After the wafer is separated from the carrier strip, it is important to control its position
and orientation so that it may reliably be pressed onto the stiffener. Therefore, a unique approach
to gripping the wafer was developed. The best opportunity for gripping the wafer occurs after the
die is extended but before it is retracted. Fortunately, the tie bars are on the bottom edge of the
wafer, and so the top of the wafer remains accessible while the die is ext-nded. The gripper was
designed to grab the wafer at its top edge while the die was extended.
A passively actuated gripper w:,; developed to prevent actuating the gripper
pneumatically. The gripper uses two flexural bearings, one that pushes toward the back of the
wafer and one that pushes toward the side of the wafer. The front flexure can be seen in Figure
2-46 (a), but the side flexure is not visible. These flexures provide the preload forces that hold
the wafer in the gripper and against the insertion datum surfaces. A flat surface in the driver
presses along the top surface of the wafer and pushes the wafer onto the stiffener.
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Figure 2-46: Stitch gripper for inserting wafers into stiffeners (a) backside of gripper and
(b) close-up of wafer in gripper (designed as part of this thesis)
The gripper is raised and lowered by the stitch sub-assembly, shown in Figure 2-47. The
stitch sub-assembly is an independent module that is self-contained on the aluminum stitch
support that attaches to dieside feedplate. The stitch assembly contains the actuator, bearings,
and all necessary sensors for providing high acceleration linear motion of the stitch gripper. A
linear motor actuates the stitch carriage, and the carriage is supported by two recirculating ball
linear bearing rails that limit the acceleration to 5 g's. The position of the carriage is measured
and feedback to the control system with a magnetic tape linear encoder. The encoder's read head
is mounted on the stitch carriage, and the magnetic tape is mounted along the edge of the stitch
support. A z-pulse sensor provides the stitch carriage's home position. A spring-engaged,
pneumatically retracted brake (not shown) was added to the sub-assembly to prevent the carriage
from falling when the linear motor was de-energized.
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Figure 2-47: Stitch sub-assembly for pressing wafer onto stiffener (designed as part of this
thesis)
The stitch assembly moves the gripper through a cycle of three positions. The cycle
begins with the gripper in the "feed position". The feed position is just above the top of a wafer,
so that the strip may be fed in front of the main die and punch. After the die is actuated, the
gripper moves down about 25.4 mm (1.0 inch) to the "grip position", where the gripper is actually
holding the wafer. After the punch and die have retracted, the gripper moves down another 50.8
mm (2 inches) to the "insert position", where the wafer is fully seated into a stiffener. Finally, the
gripper is lifted back to the "feed position", and the strip is advanced. The total travel is about 6
inches per wafer with a brief delay while the strip is advanced.
The stitch assembly was designed to perform the insertion cycle at a rate of three wafers
per second, and initial tests of the stitch assembly proved that this cycle was indeed achievable.
As shown in Table 2-4 and the motion profiles in Appendix A, the stitch subassembly is not
currently performing at that rate. This is primarily due to the limitations in the current
configuration of the machine control system.
Table 2-4: Stitch subassembly motion performance
Distance Time Acceleration Peak Velocity
(cm) (sec) (g's) (cm/sec)
Travel to Grip Position -2.498 0.108 -0.99 -50.7
Travel to Insert Position -5.083 0.128 -1.13 -73.4
Travel to Feed Position 7.581 0.156 1.09 90.13
Totals 15.162 0.392
2.6.5 Wafer Stitch Station
The first operative station in the VHDM daughtercard assembly system is the wafer stitch
station. This station integrates a modular indexer (Section 2.6.3) and a wafer stitch process
module (Section 2.6.4) with a section of the conveyor system to form a complete automated
machine. Two complete stations were fabricated, one station for the 6-row product family and
one station for the 8-row product family. The complete station, shown in Figure 2-48, consists of
a section of conveyor, a dereeler for unwinding strips of wafers from a reel, a modular indexer for
pallet motion, scrap bins for storing scrapped wafers and tiebars, and a wafer process module.
Derernlr
Scrap
Bins
Figure 2-48: Wafer stitch station with dereeier and conveyor system (designed as part of
this thesis)
The integrated operation of the wafer stitch process module and the modular indexer is
schematically illustrated in the directed graph (digraph) shown in Figure 2-49. The digraph
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captures the serial and parallel nature of the operations performed within the machine. The edges
of the digraph represent machine operations such as actuating cylinders, or servo motions. The
nodes of the graph represent the logic of the machine sequence. Operations that enter the node
(indicated with arrow) must be completed before operations exiting the node can begin.
Operations that are performed by the wafer stitch process module are enclosed within the light
gray boundary, and the modular indexer operations are enclosed within the dark gray boundary.
The "state" of the machine is specified by the set of operations or nodes that are active at
particular time. Loops within the digraph may be conditional if they begin with a sensing or
detection operation.
Figure 2-49: Operations graph for wafer stitch station
The operations graph provides a unique method for visualizing the sequential and parallel
operations within the machine. Using this information, a complete time budget for the machine
operation can be compiled. This is analogous to determining the critical path within project
schedules such as GANTT charts or PERT charts. The "critical path" in the wafer stitcher's time
budget is indicated by the bold lines in the operations graph. The current times for each operation
in the critical path are summarized in Table 2-5, but the actual machine cycle time is about 1.20
seconds. The difference between the total operation time and the actual cycle time is the result of
control system delays that should be addressed in the future.
Table 2-5: Summary of times for critical path operations
Machine Operation Operation Time
Advance Wafer Strip 0.100 seconds
Extend Main Die 0.043 seconds
Lower Gripper to Grip Position 0.108 seconds
Retract Main Punch 0.052 seconds
Lower Gripper to Insert Position 0.128 seconds
Raise Gripper to Feed Position 0.156 seconds
Total Operation Time 0.587 seconds
2.6.6 Future Stations
The flexible assembly system is inherently expandable with either automated or manual
stations. As more capacity becomes necessary, additional wafer stitch stations will be required.
Additional automated stations are inteaided for inserting guidance polarizers, inserting power
modules, and inspecting fully assembled connectors with a vision system. These stations are
described in Appendix F. Manual stations can be incorporated for inserting endcaps, packaging
connectors into shipping containers, or reworking scrapped connectors.
2.7 Errors in Component Insertion
The reliability of insertion operations and connector quality are affected by the relative
errors between the new connector component and the stiffener. These errors are estimated during
the design of the machine with an error model and an error budget. A generic error model for an
automated assembly station is shown in Figure 2-50. Two error chains are present in the
machine. One chain begins at the machine base and goes through the process module, and the
other chain begins at the machine base and goes through the modular indexer. The reliability and
quality therefore depend upon the relative errors between the ends of these vector chains. An
actual error model uses homogenous transformations to represent displacements between the
coordinate systems attached to the elements within the machine. The transformations are grouped
as machine errors, pallet errors, fixturing errors, and product manufacturing errors. This thesis
focuses on the locational errors of the pallet.
iy
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Figure 2-50: Error model for component insertion in automated assembly stations
Limits on the relative errors between the ends of the vector chains are obtained from the
geometry, dimensions, and tolerances of the components being assembled. In this case, the errors
(x and y directions) between a notch in a stiffener and the retention clip on a signal wafer are
considered. Fortunately, both the stiffener and wafer have chamfers, rounds, or lead-ins that
increase the acceptable range of errors. Figure 2-51 illustrates the insertion of a wafer into a
stiffener. The acceptable error ranges are approximately ±0.15 mm (0.006 inches) in the x
direction and approxima:ely ±0.12 mm (0.005 inches) in the y direction.
Insertion Insertion
Retention
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Figure 2-51: Error limits for inserting signal wafers onto a stiffener
These error ranges seer' comfortably large compared to the errors in conventional
precision machines such as machine tools or coordinate measuring machines. However, the
assembly machine should be designed for requirements that are more stringent. The design target
is obtained by selecting a desired reliability for the insertion operation.
Random errors are of primary interest since assembly machines are frequently adjustable
for systematic errors. The following analysis assumes that the errors are normally distributed
with a mean value of zero. Figure 2-52 shows a set of normal distributions with standard
deviations varying between 0.020 mm (0.0008 inches) and 0.090 mm (0.0035 inches).
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Figure 2-52: Comparison of normal distributions for random errors and error limits during
wafer insertion
As the standard deviation becomes larger, the area that lies beyond the acceptable error
limits of ±0.12 mm (0.005 inches) increases. This area, calculated with Eq (2-1), equals the
probability of an insertion operation failing because the relative errors between the workpieces
are excessive.
fatirep,, =1- -e -ertf •8 -4 u(2-1)2 2C J 2 L 2o2 5L 
'22/
This probability is relates to the number of connectors that can be assembled without a
failed insertion. If each connector is assumed to be 305 mm (12 inches) long, then each
connector contains 152.4 wafers. An estimate for the number of connectors that can be
assembled without a failure is given in Eq (2-2).
nconne~ctonr 152.4 faiurePir (2-2)
For this insertion operation, pa = 0.00 mm, .i,,, = UI,,,, = 0.12 mm, and a8 must be
selected to attain a desired reliability. This is evaluated graphically by plotting Eq (2-1) and Eq
(2-2) as shown in Figure 2-53 and Figure 2-54. To achieve a highly reliable insertion operation, a
design target of 0.025 mm (0.001 inches) is selected. Since this standard deviation provides a
reasonably narrow spread of errors, it accommodates some degree of mean shift (systematic
errors).
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Figure 2-53: Probability of insertion failing as a function of
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Figure 2-54: Theoretical quantity of assembled connectors as a function of the standard
deviation of random errors
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Random errors in the insertion loop of the wafer stitch station are compiled in an error
budget such as the one shown in Figure 2-55. This budget compares the use of a conventional
Bosch pallet with a kinematic pallet as proposed in this thesis. The error budget for the
conventional pallet system predicts a standard deviation of 0.034 mm (0.0013 inches) in the x
direction and 0.033 mm (0.00i3 inches) in the y direction. The error budget for the kinematic
pallet system predicts that a standard deviation of 0.025 mm (0.0010 inches) in the x direction
and 0.023 mm (0.0009 inches) in the y direction would be obtained. This may seem like a minor
dif, .cnce (less than 10 microns), but the difference is significant when considered in terms of the
reliability of the insertion operation. Using Eq (2-2), the systems are compared by calculating the
theoretical quantity of connectors obtained from the systems before an insertion failure. The
conventional pallet system is only capable of completing 15 connectors, but the kinematic pallet
system is capable of completing about 4000 connectors. This is a dramatic difference for only a
10 micron difference in the standard deviation of the random errors.
Random Errors in X Direction
Index Servo Errors
Product Fixturing Errors
Insertion Path Errors
Pallet Contact Deformation Errors
Product Errors
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Pallet System Variability
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Random Errors in Y Direction
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DP 1.2
DP 1.4.3.9
DP 1.4.2.5
DP 1.4.2.5
DP 1.4.3.7
DP 1.4.2.3
DP 1.4.2.5
DP 1.4.2
Conventional Pallet
6 Sigma
(microns)
12
75
25
0
50
100
150
25
20
34
50
50
25
0
100
25
10
150
20
33
6 Sigma ^2
(microns^2)
144
5625
625
0
2500
10000
22500
625
400
206
2500
2500
625
0
10000
625
100
22500
400
198
Kinematic Pallet
6 Sigma
(microns)
12
75
25
3
50
10
110
25
20
25
50
50
25
3
10
25
10
110
20
23
6 Sigma ^2
(microns^2)
144
5625
625
9
2500
100
12100
625
400
149
2500
2500
625
9
100
625
100
12100
400
138
Figure 2-55: Error budget for inserting signal wafers onto stiffeners
2.8 Chapter Summary
This chapter presented the initial industrial application of this thesis research. It
described the VHDM daughtercard connector, and discussed the configurability of the connector
influences the manufacturing system. The conceptual design of a flexible assembly cell was
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described. The design of the selected system concept, a flexible assembly system, was covered in
detail. The operation and performance of the Wafer Stitch Station was presented.
The chapter concluded by considering the errors in the insertion of a wafer into a
stiffener. A generic error model illustrates the potential sources of errors in an automated
assembly station. The standard deviations of random errors were related to acceptable error
limits in the design of the product and the reliability of insertion operations. A design target of
0.025 mm (0.001) provides a reasonable level of reliability. An error budget demonstrated that
conventional pallet location methods are incapable of obtaining this degree of precision, and
therefore a kinematic pallet is proposed. The remainder of this thesis explores the design of split-
groove kinematic pallets for the flexible assembly system.
Chapter 3 Kinematic Couplings Subjected to
Disturbance Forces
3.1 Introduction to the Chapter
Kinematic couplings are deterministic mechanical solutions for precisely locating one
object with respect to another7 4"75. Kinematic couplings come in many forms, but the most
common configuration is the three-groove kinematic coupling shown in Figure 3-1. In a three-
groove kinematic coupling, the two bodies contact at six points, the minimum required for three-
dimensional static equilibrium. The six contact points are located at the geometric intersection of
the convex surfaces (often spherical) in Body I and the concave or flat surfaces of the grooves in
Body II.
Body Spherical
Body Surfaces
)
Vee-Grooves Body II
(a) (b)
Figure 3-1: Positioning of Body 2 with respect to Body 1 using a three-groove kinematic
coupling (a) uncoupled and (b) coupled
For many years, kinematic couplings were predominantly used in applications that were
limited to small forces such as positioning components or sub-assemblies within optical and
instrumentation assemblies. With the use of analysis methods based on Hertzian contact 7 ,
kinematic couplings are becoming common within precision machinery, and these applications
often subject the coupled bodies to substantial disturbance forces. Examples of disturbance
forces include insertion forces in assembly automation and cutting forces in machine tools. To
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overcome these disturbance forces, the two bodies are often preloaded together to insure contact
at the six points. Despite the preloading, the disturbance forces result in varying contact forces
and varying compression at the contact points. Furthermore, the disturbance forces may be
sufficient to overcome the preload and cause relative motion between the two bodies.
Light preloads are beneficial when quick changeovers or frequent cycles of coupling and
uncoupling are required. Light preloads are also desirable to reduce the error motions that result
from preload forces. Occasionally, the weight of Body I is the only preload. In these
applications, it is necessary to consider the static equilibrium of the coupled bodies, i.e. that the
contact points do not separate.
This chapter contributes three aspects to the design and application of kinematic
couplings. The first aspect is an approach for analyzing the effect of ranges of disturbance forces
on equilibrium, contact stress, and error motions that creates maps of critical parameters. The
second aspect is the application of these methods in the design of split-groove kinematic
couplings. An example is presented that applies the method to the design of a split-groove
coupling used for locating pallets on machines in a flexible assembly system. The third aspect is
the experimental results from repeatability measurements performed on a split-groove
kinematically coupled pallet. The measurements show a 10X improvement over conventional
methods for locating pallets.
3.2 Literature Review and Prior Work
In 1988, Slocum77 published a closed form approach to analyzing the mechanics of three-
groove kinematic couplings. Slocum applied the approach to the design of a 356 mm diameter
coupling for fixturing within turning centers. Slocum and Donmez78 experimentally measured the
repeatability and stiffness of the kinematic coupling. Axial and radial repeatability were on the
order of 0.30 gm. Stiffness in the axial direction was on the order of 1.09x108 Nmj', and stiffness
in the radial direction was on the order of 1.58x108 Nm- '. Their results demonstrated that
kinematic couplings are sufficiently stiff and repeatable for fixturing parts in machining
applications.
In 1992, Slocum7 6 published a process for designing three-groove kinematic couplings
that was implemented within a spreadsheet. The design method used static equilibrium for
determining the contact forces within the coupling and analyzed the deflections at the contact
points using Hertzian contact. Based on the deflections at the contact points, the relative error
motions between the coupled bodies were determined. In Slocum's method, the equilibrium
stability of the coupling was confirmed by verifying that the contact forces between the bodies
acted in the appropriate direction. The implementation of the design method within a spreadsheet
allowed designers to quickly evaluate alternative designs.
Schmiechen 79 further developed Slocum's design method by adding techniques for
designing systems with unconstrained degrees of freedom. Schmiechen and Slocumso introduced
linear algebra and virtual work to the design method. Their design method used the system
matrix that is calculated directly from the geometry of the kinematic coupling. The system matrix
represents a linear transformation between the applied loads and the contact forces between the
coupled bodies. Using virtual work, they derived a simple expression for determining the error
motions that result from Hertzian deflections at the contact points. The condition number of the
system matrix also provided a measure for the stability of the kinematic system.
The design methods presented by Slocum and Schmiechen facilitated many recent
applications of kinematic couplings within precision machinery. These include locating wafer
cassettes8' and locating machine modules8 2 within semiconductor wafer processing equipment,
tool holding devices for grinding wheels83 , and locating semiconductor test heads84. Additionally,
kinematic couplings were combined with flexural bearings for repeatable linear translation8 5 .
3.3 The Mechanics of Kinematic Couplings
Although the mechanics of kinematic couplings are well described in prior literature, an
overview is necessary here to review fundamentals and establish the notation for subsequent
sections. This section reviews a vector-based description of the coupling geometry, the equations
for static equilibrium, the equations for evaluating the deformation and stress at the contact
points, and the equations for calculating the error motions due to contact deformation. The reader
should refer to the prior literature for the derivations and discussions of the equations presented
here.
3.3.1 Coupling Geometry
The geometry of kinematic couplings is conveniently described with position vectors that
are based in a Cartesian coordinate system at the coupling centroid and in the plane of the balls'
centers. The position vectors locate the balls' centers and the six contact points. Six additional
unit vectors act through the contact points, normal to both the ball and groove surfaces. The
normal vectors point in the direction from the groove surfaces and towards the balls' centers. The
position vectors that locate the balls' centers and the normal vectors can be determined from the
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geometry as a function of the designer's preferred dimensions, e.g. coupling length, width,
coupling angle, and ball diameter.
Figure 3-2 shows the position vectors that locate the six contact points in a plan view, and
cross-sections illustrate the six unit normal vectors. The contact position vectors are determined
from the position vectors that locate the balls' centers, the balls' diameters, and the normal
vectors using Eq (3-1).
Pc, = PBj - dbi,, where i = 1...6 and j = 1...3 or 4 (3-1)
The coupling's system matrix, expressed in terms of the normal vectors and the position
vectors that locate the six contact points, is determined using Eq (3-2).
[xlr1ý r' 4 r '
X1n Pcý xrh PC, xr PC, xrl4 PC, X?ý PCý X'16
n2 n 3
(3-2)
n4 n5
Section A-A Section B-B
Figure 3-2: (a) Position vectors that locate the contact points and
the directions of the contact forces.
Section C-C
(b) unit vectors that act in
3.3.2 Force Balance and Static Equilibrium
Four types of forces must be considered when analyzing the static equilibrium of
kinematically coupled bodies. The weight force, Fw , acts in the direction of gravity and is
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located by I. at the center-of-mass of the rigid body containing the balls. In addition, any
quantity, I, of preload forces, Fp,, may exist, and they are located by I position vectors, Pi.
During mac.ine operation, the coupled bodies may be subjected to m disturbance forces, FD,
that are located by in position vectors, P~
FD1  F
F P2WI
F,,4
FD3 IFP3
S• FD2 Fy
CentroidResolve to Coupling
Centroid
Figure 3-3: Forces applied to kinematically coupled bodies resolved into forces and
moments at coupling centroid
As illustrated in Figure 3-3, all of the forces are resolved into forces and moments applied
at the coupling centroid. Load vectors are calculated for the weight, preload, and disturbance
forces using Eq (3-3), Eq (3-4), and Eq (3-5). The weight and preload are combined into a single
load vector in Eq (3-6), and the load from the disturbance forces is added in Eq (3-7).
L"= L[9I =IF F FF M, MA MS]
= rih ] I=[ F() FA M,) M% MJJT
Lj..p = Lt, + LP
L, = 4,, +L•
(3-3)
(3-4)
(3-5)
(3-6)
(3-7)
The magnitudes of the contact forces at the six contact points are calculated by solving
the linear system of equations defined by the system matrix. The system matrix relates the
applied load vector to the 6 x I vector of contact force magnitudes, Rc •
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,oupling
Mx
Rc[KJ= -LA (3-8)
The inverse of the system matrix thus plays a fundamental role in determining the
magnitudes of the contact forces. Inverting the system matrix and premultiplying with the
applied load vector yields an expression for the contact force vector.
RC = -[K L A  (3-9)
The row vectors and column vectors of the inverted system matrix are useful in analyzing
the effects of disturbances forces and are defined in Eq (3-10) and Eq (3- 1 ), respectively.
K' = K K- K K. K,1 K i. (3-10)
K i = K K. K3., K K5.i K6.i (3-11)
3.3.3 Hertzian Contact Between Spheres and Flats
Since the two bodies are elastic, the contact points are actually not points but rather small
circular or elliptical regions. The premise of Hertz contact theory is that point contact between
two curved surfaces can be approximated by contact between an equivalent sphere and a flat
surface. The radius of the equivalent sphere is determined from the major and minor radii of the
two curved surfaces using Eq (3-12), and an equivalent Young's Modulus is determined using Eq
(3-13).
RE= 1 1 1 (3-12)
Maor R"' Rajo R~Major
EE= 11
1 -VB "  1 -VG (3-13)
EB EG
The exact solution to the contact problem depends upon evaluating elliptical integrals 86'
87, but Slocum75 provided an easy method for approximating the exact solution for the contact
deformation and contact pressure between two curved bodies. The expressions for the contact
pressure and the deformation are given in Eq (3-14) and Eq (3-15), respectively. The direction of
the deformation is incorporated using the direction of the contact force.
3R,
P, -•R (3-14)27rcd
S' =-sign(Rc, )A [2Rc, (3-15)
3REEE'
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These expressions depend upon the parameters, a, P /, and A, as well as the major radius,
c, and the minor radius, d, of the elliptical contact area. The parameters a, P , and A depend
upon the equivalent radius and the angle between the planes of principal curvature of the two
bodies. Expressions for a, /, and A were given in Slocum75. As illustrated in Figure 3-4, the
analysis presented in this chapter uses a simple sphere on the flat surfaces of vee-grooves*, for
which the parameters a, /, and A are fixed and given in Eq (3-16). Expressions for the major
and minor radii of the contact area are given in Eq (3-17) and Eq (3-18), respectively.
a = 1.000
= 1.000 (3-16)
A = 0.750
c=aR 1(3-17)
2EE
(3Rc Rt 
(1-3
d = 3 2E(3-18)
2EE
C1c
Figure 3-4: Hertzian contact between spherical and flat surfaces
The deformations at the six contact points are collected as components within a 6x1
contact deformation vector, as shown in Eq (3-19). The components of this vector are found by
arranging Eq (3-15) in a vector format as shown in Eq (3-20).
(3-19)
The reader should note that kinematic couplings are often designed with geometries other than a sphere on
flat. Other geometries can reduce the contact stresses and increase the coupling stiffness. Examples include
"canoec shaped balls and gothic arch grooves.
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Sc. = 45 ( C c c C c 6,
&C=-3 sign(Rc )[2 2
4 3REE
2/3
R2/
2/3RC2
2/3
Rc
3
2/3RC4
2/3R
5
2/3
(3-20)
3.3.4 Static Error Motions Due to Hertzian Contact
Since the coupled bodies are assumed rigid and deformation occurs at the contact points,
thIe coupled bodies must experience a change in their relative position and orientation. Since this
motion is undesirable, it is referred to as the coupling's error motion. It is described by the
coupling error vector that contains three translations and three rotations as shown in Eq (3-21).
The translations are measured in the coordinate system at the coupling centroid, and the rotations
are measured about the axes of the coordinate system.
3E =k5 .5" 5z eý ' E] (3-21)
As shown by Schmiechen and Slocum80, the error vector can be calculated using the
transpose of the inverted system matrix as shown in Eq (3-22).
SE =•Kl-' Yc (3-22)
Homogenous transformation matrices (HTMs) provide a simple method for representing
displacements between rigid bodies, and a basic overview is available in Craig 8". The position of
any point on Body I after the error displacement can be determined by premultiplying the point's
position vector by the HTM that represents the error displacement.
P= [TE ]/ (3-23)
If the error rotation angles are small, then the HTM representing the error displacement is
given by Eq (3-24).
[TE= (3-24)
L0 0 0 1
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3.4 Analyzing Disturbance Forces
In precision machinery, the disturbance forces applied to kinematic couplings are usually
not constant or applied at fixed points as implied in Figure 3-3 and Eq (3-5). Rather, they vary
over a range of values. Consider a kinematic coupling used to fixture a printed circuit board
(PCB) within a component pick-and-place machine. In this application, the disturbance forces
(the component insertion forces) vary in magnitude depending upon the component being inserted
and the force can be applied at any point on the surface of the PCB. The kinematic coupling must
be designed to insure static equilibrium, to not exceed material stress limits at the contact points,
and to meet error motion requirements for any load conditions within these bounds.
3.4.1 Vector Spaces and Disturbance Region
To consider ranges of disturbance forces, it is convenient to analyze the equilibrium,
stress, and error motions using functions evaluated over bounded regions of vector spaces. A few
vector spaces and regions of vector spaces are defined below. Figure 3-5 summarizes these
vector spaces, their respective dimensions, and the transformations between the spaces.
The Force Space is a six-dimensional vector space where each vector contains the
components of a force and the components of a position vector that locates the application point
of the force. The Disturbance Region is a bounded region within the Force Space that contains
all of the disturbance vectors that the coupling may experience during machine operation. The
limits on the dimensions are illustrated in Eq (3-25).
minFD <F <maYFD
m'nF 5 F/ <5maxF
min Fý :5 F,- ma' Fi
(3-25)
min p,- < p,-, <ma" pý
The Load Space is a six-dimensional vector space where each vector contains the
magnitudes of the forces and moments resolved to the coupling centroid.
The Contact Force Space is a six-dimensional vector space where each vector contains
the magnitudes of the contact forces at the coupling's six contact points.
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The Contact Deformation Space is a six-dimensional vector space where each vector
contains the displacements that result from the Hertzian contact.
The Error Space is a six-dimensional vector space where each vector contains the
displacement and rotation errors of the coupling error motions.
Isturbanc Force Spacea6xl
F• F F A px pY pY
Fx FL` FZj Mx M Mz
Dimensions:
IR1~ R' Rg R3 R5 R .r
Eq (3-3) - Eq (3-5)
Eq (3-9)
Eq (3-20)
Eq (3-22)
uimensions;
G5G6 G GE, E"E'0G G G G G G
Figure 3-5: Vector spaces in disturbance force analysis
In many machines, the disturbance region can be reduced to less than 6-dimensions
because the disturbance forces may be limited to particular directions or particular application
points. In the case of the pick-and-place machine described above, the disturbance forces have
components that vary in the z-direction and the application point will only vary in the x-direction
and y-direction. If the worst-case insertion force is considered, the analysis can be reduced to
only two dimensions - the positions in the x-direction and y-direction of the disturbance force's
application point.
When the six stability functions are written in terms of the components of disturbance
force vectors, the function can be thought of as an equation for a surface in the disturbance force
vector space. This surface forms the locus of points where the ith contact force is equal to zerc.
The region within the contact force surface and the limits on the disturbance region is a closed
volume containing all the disturbance force vectors that the ih contact force will remain positive.
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Figure 3-6 illustrates a three-dimensional disturbance force space with dimensions Ft,
Pi, and Pi (remaining disturbance dimensions are constant). The disturbance region bounded
by the minimum and maximum values for each dimension. The disturbance region is separated
into two sections by the stability boundary. The stability boundary represents the locus of all
disturbance forces that result in the kinematic coupling being marginally in equilibrium. (Similar
boundaries can be constructed for static stres, and error motions.) If the stability boundary is
outside of the disturbance region, then the disturbance forces will not force the kinematic
coupling from static equilibrium. The analyses in this chapter therefore based on determining the
constraining boundaries and comparing them to the disturbance region.
t
min x
ND
ability
undary
minp
Figure 3-6: Stability boundary separating stable and unstable disturbance regions
3.4.2 Static Equilibrium in the Disturbance Region
!n order to evaluate the static equilibrium over the disturbance region, it is necessary to
determine functions that relate the magnitudes of the contact forces to the disturbance force
vectors. In this section, a set of six conditional functions, one for each contact point, are
determined. Equilibrium throughout the disturbance region is assured by verifying these
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conditional functions over the disturbance region. Surface plots or contour plots are useful for
viewing these functions when the disturbance region is two-dimensional.
Functions for the six contact forces are obtained from the system of linear equations in
Eq (3-9). As shown in Eq (3-26) and (3-27), substitution of the expressions for the applied load
vector from Eq (3-7) provides the contact forces as functions of the disturbance load vector and
the weight/preload load vector.
Rc = -[K]-' V + ioD) (3-26)
Rc = -[K]-l -P - [K]-' LD (3-27)
This expression is simplified by defining two new vectors in the Contact Force Space.
The first vector contains the contact forces that result from the weight and preload forces, and the
vector is defined in Eq (3-28). The second vector contains the contact forces that result from the
disturbance forces, and it is defined in Eq (3-29).
AFp = -[K]-' jvp (3-28)
-D
~c? = -[K' LD (3-29)
Substituting these expressions into Eq (3-26) yields an intuitive result. The actual contact
force vector is the sum of the contact force vector due to the weight and preload and the contact
force vector due to the disturbance forces.
Rc = •R~ + R? (3-30)
If ~i is defined as a unit vector with the i"' component equal to one, then the components
of a contact force vector can be isolated by forming the dot product of ei with the appropriate
contact force vector. This is shown in Eq (3-31), Eq (3-32), and Eq (3-33).
Rc; = ei - Rc for i = 1...6 (3-31)
R, = k, -R for i =l...6 (3-32)
RD = ei " -- for i = 1...6 (3-33)
A component of a contact force vector can also be expressed using the dot product
between a row vector of the system matrix and a load vector. This is shown in Eq (3-34) and Eq
(3-35) for the weight/preload and disturbance loads.
Rw "c = -i Lw (3-34)
Rci = -K- i L (3-35)
Substitution of the expression for the contact force vector from Eq (3-30) into Eq (3-31)
yields six scalar functions for the magnitudes of the six contact forces. These six expressions are
the contact force functions.
Rci = ei {'P+R Dfor i= 1...6 (3-36)
For static equilibrium between the coupled bodies, each contact force must be in
compression. By the convention used here, this condition is met when all six contact forces are
positive.
Rc, >0 for i = 1...6 (3-37)
Applying this condition to the contact force functions in Eq (3-36) yields six conditional
equilibriumfiunctions. To insure that the kinematic coupling will remain in static equilibrium, all
six conditions must be satisfied throughout the entire disturbance region.
I". (RP +/ , D )> 0 for i= 1...6 (3-38)
When evaluating these conditional functions, it is more useful to incorporate the vector
transformations summarized in Figure 3-5. This yields six conditional functions in terms of the
components of the disturbance region, system matrix, and applied load due to the weight and
preload. This facilitates easy calculation of the contact forces and reveals the effect of elements
from the system matrix on the contact forces.
The first step is to substitute the expressions from Eq (3-32) and Eq (3-29) into the
conditional equilibrium functions of Eq (3-38).
Rc, -i [K]- LD >0 for i = 1...6 (3-39)
Using the definition in Eq (3-35), the expression can be simplified and rearranged.
Ri-ID <RC. for i = 1...6 (3-40)
The dot product in the disturbance force term is expanded using the components of the
disturbance load vector and the elements of the inverted system matrix.
K-iFj +K-F +K, F+K 4Mx+Ki Mb,+K-iM -<R'P for i=l...6 (3-41)i,I F i,2F i,3  4O+K0MD  i,6 D < C,
Finally, expressions for the equilibrium functions, in terms of the components in the
disturbance force vector, are obtained by incorporating the transformation between the force
space and the load space.
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Ki. Fji + K ;FA + Ki, F +Ki(PF - P F) + for i=1...6 (3-42)
Ki (PoFi` - P FD )+ Ki_'(PDvFD - PDF9 ) <  Ci
3.4.3 Stress Failure Boundary Functions
Conditional expressions can also be formulated that represent the boundaries that prevent
yielding at the contact points. The method presented here is formulated from the discussion of
contact stress failure presented in Slocum75. The maximum shear stress occurs at a depth
approximately equal to half the contact area radius and depends upon the contact pressure and
Poisson's ratio.
' •P 1- 2vG +2(1 +VG 2(1 + vG) 1 /2  (3-43)
2 2 9
If the grooves are steel or stainless steel, then substituting VG =.3 into Eq (3-43) yields
the ratio between the contact pressure at failure and the maximum shear stress.
Ftr=.333 FP, (3-44)
Steels and stainless steels yield in shear at approximately half their yield strength,
therefore the ratio of the yield strength to the contact pressure at failure is given by Eq (3-45).
FP, = 1.50 S, (3-45)
The peak contact pressure is related to the contact force, equivalent Young's Modulus,
and the ball diameter by Eq (3-46).
F, -I ( [3 FRc EE2l (3-46)
z RE 2/3 J/
A direct expression for the contact force that yields the material is obtained by equating
the two expressions for the contact pressure at failure in Eq (3-45) and Eq (3-46).
9 7 RRE2 S 1 3FRc = (3-47)4 EE2
The contact force at failure represents an additional boundary in the contact force space
that may further reduce the size of the kinematic coupling's usable disturbance region. These
bounds are formalized with another set of six conditional expressions, the failure functions, as
shown in Eq (3-48).
ei . cTWP + ,DoF R  for i = 1...6 (3-48)
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3.5 Error Motion Functions
In precision applications, it is vital to understand the affects of the disturbance forces on
the error motions of the coupled bodies. Six functions for the deformations at the contact points
are obtained by combining Eq (3-20) with Eq (3-36).
3S.= 2-3Isign(Rc EE + / 3  for i= 1...6 (3-49)
Individual components of the error motion vector are obtained from the dot product of the
appropriate unit vector and the error motion vector. As shown in Eq (3-50), this is equivalent to
the dot product between column vectors of the inverted system matrix and the contac-
deformation vector. Substitution of the expression for the contact deformations from Eq (3-49)
provides six functions for the error motions throughout the disturbance region.
5'= "IIK1' c = Ki "'c for i= 1...6 (3-50)
= KC --I
3
sign(Rc;,
* ~~ + IiC? J]/3
W {CjP +-D12/3
IF2+ 1 ? }]D/3
IV~-P + fiD 13
for i= 1...6 (3-51)
3.6 Design of a Split-Groove Kinematic Coupling for a Pallet in a
Flexible Assembly System
This section illustrates the application of the analysis tools described earlier to the design
of a kinematic pallet used within a flexible assembly system. The pallet transports and positions
electrical connectors at separate automated machines. Each machine contains a carriage with two
degrees of freedom, one in the vertical direction, referred to as the lift axis, and one in the
horizontal direction, referred to as the index axis. As shown in Figure 3-7, a kinematic coupling
was selected to position the pallet on the machine's carriage with high precision.
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(a)
(b)
Figure 3-7: Kinematic coupling for locating pallets in a connector assembly machine, (a)
machine carriage without pallet and (b) pallet coupled to machine carriage
Geometric constraints within the machine's carriage prevented a three-groove kinematic
coupling; therefore, a split-groove kinematic coupling was utilized. This style of coupling uses
only six points of contact between the two bodies, but the vee-groove, which normally lies on the
centerline of the coupling, is divided to create a split-groove. A fourth ball is necessary to
accommodate the split groove. Figure 3-8 illustrates the contact position vectors and normal
vectors of a split-groove kinematic coupling with a plan view and cross-sectional views.
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Figure 3-8: (a) Position vectors that locate contact points in a split-groove coupling and (b)
normal vectors in directions of contact forces
The geometric parameters of the split-groove kinematic coupling are summarized in
Table 3-1. The calculated position vectors that locate the balls' centers and the contact normal
vectors are summarized in Table 3-2. The position vectors to the six contact points are
determined from Eq (3-1) and are summarized in Table 3-3.
Table 3-1: Geometric parameters for kinematic pallet
Parameter Dimension Units
Coupling Length 286.91 mm
Coupling Width 203.20 mm
Split Offset 196.85 mm
Groove Angle rt/2 rad
Ball Diameter 6.35 mm
116
Table 3-2: Position vectors locating centers of balls in kinematic pallet
Description Position Vector
X (mm) Y (mm) Z (mm)
Ball 1 Center -71.80 101.60 0.00
Ball 2 Center -71.80 -101.60 0.00
Ball 3 Center 215.11 -98.43 0.00
Ball 4 Center 215.11 98.43 0.00
Contact Normal 1 -0.5775 -0.4081 0.7071
Contact Normal 2 0.5775 0.4081 0.7071
Contact Normal 3 0.5775 -0.4081 0.7071
Contact Normal 4 -0.5775 0.4081 0.7071
Contact Normal 5 0.0000 0.7071 0.7071
Contact Normal 6 0.0000 -0.7071 0.7071
Table 3-3: Unit normal vectors acting in direction of contact forces
Description Vector
X (mm) Y (mm) Z (mm)
Contact Position 1 -69.97 102.90 -2.25
Contact Position 2 -73.64 100.30 -2.25
Contact Position 3 -73.64 -100.30 -2.25
Contact Position 4 -69.97 -102.90 -2.25
Contact Position 5 215.11 -100.67 -2.25
Contact Position 6 215.11 100.67 -2.25
The coupling's system matrix is determined from Eq (3-2), the position vectors to the six
contact points, and the
matrix are shown in Eq
[K]
[K]-'
unit normal vectors.
(3-52) and Eq (3-53),
-0..578
-0.408 4
0.707
71.842 7
50.773 5
87.973 -8
-0.433
0.433
0.433
-0.433
0.000
0.000
0.578
0.408
0.707
1.842
0.773
87.973
-0.13f
0.477
-0.47'
0.135
0.354
-0.354
0.578
-0.408
0.707
-71.842
50.773
87.973
5 0.265
0.265
7 0.265
0.265
0.177
4 0.177
The calculated
respectively.
-0.578
0.408
0.707
-71.842
50.773
-87.973
0.0035
0.0035
-0.0035
-0.0035
0.000
0.000
0.000
0.707
0.707
-69.597
-152.103
152.103
0.0012
0.0012
0.0012
0.0012
-0.0025
-0.0025
system matrix and inverted system
0.000
-0.707
0.707
69.597
-152.103
-152.103
0.0022
-0.0006
0.0006
-0.0022
0.0016
-0.0016
(3-52)
(3-53)
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Within the machine, the pallet and carriage are loaded by the pallet weight, a set of six
preload forces, and three types of potential disturbance forces. The disturbance forces, shown in
Figure 3-9, include inertial forces that arise during carriage acceleration and deceleration and
insertion forces that arise during connector assembly.
Finertiai
I'
Figure 3-9: Cutaway of connector assembly machine showing pallet positioned on machine
carriage and subjected to disturbance forces
The six preload forces are created by a pattern of neodemium permanent magnets, six
pairs of magnets are mounted along the edges of the pallet. The magnets in the machine carriage
can be seen in Figure 3-7 (a). Each magnet pair generates a preload force of approximately 22.3
N. The inertial forces are potentially as high as 64.7 N in the index axis and 173 N in the lift axis.
The application point of the insertion force varies as the connector is assembled. The insertion
force has a component in the z-direction, and the force may be applied anywhere along the line
Po =-44.37 mm and PD, = 89.10 mm between Xmin =-96.84 mm and Xm, = 225.3 mm. All of
the potential disturbance forces are summarized in Table 3-4.
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Table 3-4 Summary of forces applied to connector pallet
Force Components Position Vector
Force
Description X Y Z X Y Z
(N) (N) (N) (mm) (mm) (mm)
Weight 0.00 0.00 -64.7 71.98 -8.80 7.07
Preload 1 0.00 0.00 -22.3 -28.73 99.31 1.78
Preload 2 0.00 0.00 -22.3 72.87 99.31 1.78
Preload 3 0.00 0.00 -22.3 174.5 99.31 1.78
Preload 4 0.00 0.00 -22.3 -28.73 -99.31 1.78
Preload 5 0.00 0.00 -22.3 72.87 -99.31 1.78
Preload 6 0.00 0.00 -22.3 174.5 -99.31 1.78
Index 1 64.7 0.00 0.00 72.38 -28.51 -126.7
Index 2 -64.7 0.00 0.00 72.38 -28.51 -126.7
Lift 1 0.00 0.00 173 71.98 -8.80 7.07
Lift 2 0.00 0.00 -173 71.98 -8.80 7.07
-96.84
Insertion 0.00 0.00 -135 - -44.37 89.10
225.3
Resolving the weight and preload forces to the coupling centroid and summing the results
yields the applied load vector due to the weight and preload forces.
WP = 4 +  =
0.00
0.00
-64.7
569
4660
0.00
0.00
0.00
-133
0.00
9720
0.00
0.00
0.00
-198
569
14400
0.00
(3-54)
The contact forces that result from the weight and preload are calculated using Eq
" [K]-' -lp = -[K]- L,=
32.8
32.8
36.8
36.8
70.5
70.5
(3-55).
(3-55)
The connector assembly machine prevents the machine carriage from moving while
components are being inserted. Therefore, the analysis is split into two independent cases; the
first case considers the affect of the index and lift motions and the second case considers
insertion. For this application, only the second case, involving the insertion forces, is considered.
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Since the insertion force only varies with the its component in the z direction and the x
coordinate of the application point, this case is a two-dimensional disturbance region. The
bounds on the disturbance region are summarized in Eq (3-56).
Fi = 0.00
F " =0.00
-1355 FA 50
(3-56)
-96 .84 _ P "j < 225 .3
PD = -44 .37
P, = 89. 1
The six conditional equilibrium functions are obtained by substituting the values from the
system matrix and the appropriate values from Eq (3-56) into Eq (3-42). In this case, the constant
components of the disturbance force region cancel several of the terms in the conditional
equilibrium functions. Furthermore, the functions for contact points I and 2 are identical, the
functions for points 3 and 4 are identical, and the functions for points 5 and 6 are identical.
0.265FA - 44.37. (0.0035)F - 0.0012 (Pi F ) < 32.8
0.265F -44.37 -(0.0035)F - 0.0012 (Pi F~) < 32.8
0.265F + 44.37- (0.0035)F -0.0012(Pi FA) <36.8
(3-57)
0.265Fý + 44.37- (0.0035)FA - 0.0012 (P3 F ) < 36.8
0.177Fo + 0.0025 (Pý FA) < 70.5
0.177F +0.0025(Pj FA) < 70.5
These equilibrium functions have been plotted as contours and are shown in Figure 3-10
(a), (b), and (c). Figure 3-10 (d) shows the intersection of the equilibrium boundaries for each
contact point and the actual disturbance region. Since the intersections of the equilibrium
boundaries are outside the disturbance region, the pallet will remain in equilibrium for the
machine's range of disturbance forces.
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Figure 3-10: Contour plots of the conditional equilibrium boundaries (a) contact points 1
and 2, (b) contact points 3 and 4, (c) contact points 5 and 6, and (d) intersection of the
equilibrium boundaries and the disturbance region.
Six functions for the displacement and rotation components of the coupling's error
motion vector can be determined using Eq (3-51). These functions were evaluated and plotted as
contours in Figure 3-11. The ranges of the errors over the actual disturbance region are
summarized in Table 3-5.
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Figure 3-11: Contour plots of error motions (a) error in y-direction, Lm, (b) error in z-
direction, pm, (c) rotation error about x-axis, grad, (d) rotation error about y-axis, grad,
and (e) rotation error about z-axis, grad.
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Table 3-5: Range of errors due to disturbance forces and deformation at contact points
Minimum Component Maximum
0.000m 5, r  0.00 jm
0.07 gm _ 6 0.81 gm
-6.28 m 3m -4.16 gm
1.35 grad Er 16.53 grad
-4.43 prad E,. 24.77 prad
0.31 grad E, 3.78 grad
The contact force that results in failure is calculated using Eq (3-47), to insure that the
coupling's balls and grooves do not incur failure due to the peak contact stress. If the ball and
groove materials are similar, with a yield strength of about 1800 Nmm-2, then the peak acceptable
contact force is approximately 240 N. The maximum contact force over the disturbance region is
only 170 N, therefore a safety factor of about 1.4 is obtained.
F 913 (3.175) 2 (1800) 3
R c = = 240 (3-58)4(1.3 x 105)2
3.7 Pallet Repeatability Measurements
The performance of the kinematic pallet was assessed by experimentally measuring the
locational repeatability of the pallet. The experiments were conducted on an instrumentation
fixture, shown in Figure 3-12, which duplicated the geometry of the machine carriage, including
the split vee-groove, the conventional vee-grooves, and the preload magnets. The pallet was
cyclically lifted and dropped onto the grooves by a pneumatically actuated plate. The lifting plate
was guided by a pair of die set bushings, and it separated from the pallet at the bottom of travel to
prevent over constraining the pallet. Capacitive distance sensors were mounted around the pallet
to measure the variation in the location of the pallet. Each sensor provided an analog signal (-10
V to +10 V) proportional to the change in the distance between the face of the sensor and a steel
target attached to the pallet (-50 gim and +50 jlm). A 16-bit data acquisition system was
configured to measure signals between -5 V and +5 V, providing a resolution of 0.76 nm/bit.
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Figure 3-12: Experimental fixture for measuring pallet repeatability
The pallet was lifted and dropped thousands of times over two days, and the gap distance
was measured each time. Figure 3-13shows a plot of the four sensors' measurements in microns.
The expansion and contraction of the pallet and fixture due to ambient temperature cycles
produced a cyclic error with a period of 24 hours and a maximum amplitude of 10 ptm in Sensor
1. Additionally, variations due to the air compressor in the pneumatic system produced a periodic
trend with a period of approximately 2 hours. This pneumatic effect may imply that the
repeatability of kinematic couplings depends upon the variability in the kinetic energy during the
coupling cycle, and future experiments should be performed to test this hypothesis. Even with
the errors produced by the thermal cycles and pneumatic cycles, the pallet was repeatable to
within 10 pm. This represents an approximate O1X improvement over conventional pallet
location methods, which are only repeatable to about +50 pm.
0 500 1000 1500 2000 2500
Cycle Number
3000 3500 4000
Figure 3-13: Repeatability measurements for split-groove kinematic pallet
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3.8 Chapter Summary
This chapter presented new techniques for analyzing the equilibrium, stress, and errors of
kinematically coupled bodies that are subjected to ranges of disturbance forces. The techniques
were applied in a method for designing split-groove kinematic couplings. The techniques are
based on expressing the potential disturbance forces as vectors within a bounded region of the
disturbance force space. Conditional functions are evaluated over the bounded region to insure
equilibrium between the two bodies. Additional conditional functions are presented that prevent
material failure due to contact stresses. Finally, a set of functions express the relative errors that
occur between the coupled bodies due to the deformation at the contact points. For two
dimensional disturbance regions, the sensitivity of the functions can conveniently be viewed as
contour plots or surface plots.
The design method was demonstrated with an application involving the design of a split-
groove kinematic pallet used in a flexible assembly system for electrical connectors. The
disturbance force region was established based on machine performance and operation. Contour
plots of the equilibrium functions illustrated that the pallet remains in static equilibrium
throughout the disturbance region. Furthermore, the errors between the pallet and carriage were
determined and plotted over the disturbance region to insure adequate performance.
Experimental measurements demonstrated that the split-groove kinematic pallet was
repeatable to within 10 gm. This is approximately a 10X improvement over conventional pallet
location methods, and therefore it greatly increases the reliability of the connector flexible
assembly system. It is anticipated that many other types of assembly systems can benefit from a
similar approach.
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Chapter 4 Variation in Systems of Kinematically
Coupled Bodies
4.1 Introduction to the Chapter
The quality and reliability of assembly operations depend upon the relative errors
between the two components being assembled together. Errors combine from many sources
including errors within the machines and errors in the product components. As shown in Figure
4-1, flexible assembly systems use palletized fixtures to transport product assemblies to various
assembly workstations. To minimize the relative errors, each palletized fixture must be precisely
located at every assembly workstation.
Figure 4-1: Palletized fixtures transporting connectors in a flexible assembly system
Errors in the pallet location (position and orientation) contribute significantly to the
relative errors in the assembly process. These errors stem from three primary sources. The first
source is pallet repeatability. As shown in Chapter 3, kinematic pallets provide an effective
method for reducing pallet repeatability errors (less than 10 gm). A second source of pallet errors
is disturbance forces that occur during the assembly operations. Estimates of these errors are
determined with the techniques presented in Chapter 3. Since flexible assembly systems use
many pallets within a system of several workstations, manufacturing errors in the pallets or pallet
bases combine to form station and system variability. This is the third primary source of errors in
pallet location.
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This chapter presents analytical techniques for estimating the variation (variance and
covariance) at the station and system levels that result from manufacturing errors in the pallets
and pallet bases. The first method uses Monte Carlo simulation, and the second method uses
multivariate error analysis. The two methods are demonstrated for the split-groove kinematic
pallet discussed in Chapter 3.
The variation between pallets and machines is a critical component in the error models
and error budgets for flexible assembly systems. The machine's error budget should specify
target errors to the designer of the pallet and pallet base. The analytical tools presented here
provide a general method for designers to predict the variability in systems of kinematically
coupled bodies. The tools are directly useful when designing a kinematic pallet system to meet a
particular error budget.
4.2 Thought Experiments on System Variability
Before quantitatively analyzing the variability in systems of kinematically coupled
bodies, it helps to conduct a set of thought experiments. The thought experiments show how the
manufacturing errors in the pallet and assembly machine combine to create variability at the
station level and system level. Furthermore, general expectations are concluded from the thought
experiments that are observable with the analytical methods in Section 4.6 and Section 4.7.
The thought experiments begin by considering a single pallet that is located at a single
machine. If the pallet and the machine's pallet base are manufactured perfectly, then the pallet
tends to rest in the targeted location. However, each time the pallet is removed from the
assembly machine and placed back on the pallet base, it rests in a slightly different position. This
variability is the pallet's locational repeatability. Figure 4-2 (a) illustrates this particular case
with a shaded region of measurements that are centered on the target position.
If manufacturing errors are introduced in the pallet (but not the pallet base), then the
pallet tends to rest in a different location. The resting location is now displaced away from the
target location. The error between the resting and target locations is the inaccuracy of the pallet.
It is assumed that the locational repeatability of the pallet is not affected by the pallet's
manufacturing errors. Figure 4-2 (b) illustrates this case by maintaining the size of the shaded
region and translating it away from the target position.
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Now consider another imperfect pallet used on the same perfect pallet base. The
locational repeatability of the second pallet is approximately equal to the first pallet since the
locating method is the same. The second pallet contains a different set of manufacturing errors,
and it consequently tends to rest in a different location than the first pallet. This is illustrated in
Figure 4-2 (b) by a second shaded region that is translated from the target position with a second
inaccuracy.
Figure 4-2 (c) illustrates a set of imperfect pallets used on a perfectly manufactured pallet
base. In this case, each pallet has its own inaccuracy (distance from the target position) and
repeatability, but a larger region of variation is observable because of the combined affect of
many pallets. Since the pallet base is perfectly manufactured, the variability is centered on the
target position. The larger region of variation is called station variability since it reflects the
amount of variation observed at a single assembly workstation.
Pallet #1
Repeatability
Pallet #1Pallet #1
Repeatability
Target
Position
Target
- Pallet #2
Repeatability
(c)
Figure 4-2: Repeatability and accuracy for pallets located on a perfect machine (a) perfect
pallet, (b) two imperfect pallets, and (c) many imperfect pallets
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Consider the same set of pallets, but now used at an assembly workstation where the
pallet base also contains manufacturing errors. The manufacturing errors in the pallet base cause
the center of station variability to move away from the target position. This inaccuracy is referred
to as station inaccuracy, and it is illustrated in Figure 4-3.
Figure 4-3: Illustration of system variability for single machine with several pallets
Now consider a comnplete flexible assembly system that contains several stations and
several pallets. Each station exhibits its own variability and inaccuracy. The combined affect is
an even larger range of variability. This total variation, called system variability, is illustrated in
Figure 4-4. As the number of stations in the system increases, the station inaccuracies average
and the center of the system variability approaches the target position.
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Figure 4-4: Illustration of system variability for several machines and several pallets
It is evident from the thought experiments that manufacturing errors in the pallets and
pallet bases combine to form station and system-wide variability. The amount of station
variability is expected to be less than the system variability. Furthermore, it is expected that any
station's range of variation will be shifted from the target location, but the system-wide
variability (for many stations) will be centered around the target location.
The objective of this chapter is to provide analytical techniques for estimating the amount
of variation in systems of kinematically coupled bodies. The techniques are applied to estimating
the station and system variability for the design of the split-groove kinematic pallet system.
4.3 The Statistics of Dimensions and Locations
The manufacturing errors within pallets and pallet bases are described with errors in part
dimensions. Acceptable limits to dimensional variation are specified when the designer applies
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tolerances to a part's nominal dimensions. A general method for denoting an acceptable
dimensional range is to associate a "+/-" tolerance with each part dimension as shown in Eq (4. ).
In the +/- tolerance scheme, each dimension is assigned an upper limit, dluL, and a lower limit,
d b,,,. The tolerance is interpreted to mean that the actual dimension must lie within the range
specified in Eq (4.3).
t d ,,,, (4.1)
- dLLin
(d-i""' -d" ) -5 di -5(di".- )+dMin) (4.2)
Tolerances only specify limits on variation. They do not describe the actual variation
produced by the manufacturing process. Statistical descriptions are necessary for characterizing
the variation in a dimension of a manufactured part. Since dimensions are the result of random
errors in the part's manufacturing processes, the Central Limit Theorem suggests that the
dimensions should fit a normal probability distribution. This fact is observed frequently in
manufacturing, and it is regularly applied in inspection and quality control procedures.
For a population of infinite size, the normal probability distribution function (PDF) of a
particular dimension is given by Eq (4.3). The shape and location of the distribution is specified
by the population's mean, pld,, and its standard deviation, od, . An example of a normal
distribution is illustrated in Figure 4-5.
(d-Pdi )
e 2adi2  (4.3)
F(d) - ed
aOd i
F(d)
(d-Nom dtL Lm) MI'd, jm (dNom + dJl-)
L j-1
3a ,. (I,
•V di -?v d,
Figure 4-5: Normal distribution for dimensional variation
For the analyses in this thesis, the mean value of a dimension is assumed to be at the
center of the tolerance range. In addition, the difference between the upper and lower limits is
assumed to equal 6Udi . These assumptions are illustrated on the normal distribution in Figure
4-5. With these assumptions, the mean and standard deviation for a specific dimension's normal
distribution are determined using Eq (4.4) and Eq (4.5), respectively.
(diNi"i - diU'"' )+ (diN "" + d i4"n )4)
pdi 2 (4.4)
d(duin
, 
+ dLLin )(4.5)6
The probability of obtaining a dimension within two values, d, and d,, is obtained by
integrating the area beneath the PDF between dl and d2, as shown in Eq (4.6). The definite
integral is given in terms of the error function (erf) and is shown in Eq (4.7).
(x-Pdi 2
d 2  
2ad i 2 d(4.6)
1(F di -d)  i(dd, )
Pdl,-d2 =2-erf -erf (4.7)2 2adi 2 2adi
Since only a finite quantity of parts is ever manufactured, an infinite population is
impossible to obtain. Therefore, the population mean and standard deviation are never precisely
known. However, an estimate for the population's distribution function is determined from the
.di
I I
mean and standard deviation of a sample of parts. For a sample of size, n, the sample mean and
sample standard deviation are calculated with Eq (4.8)and Eq (4.9), respectively.
i= di (4.8)
j=1
1
S= )2(4.9)
The spread, or variability, of a normal distribution is also described by the variance,
which is simply the square of the standard deviation. The variance of a dimension is defined in
Eq (4. 10).
n
2 1 1
var(d,)= Sd - 1 (d/ -d,) (4.10)
j=1
Since a part consists of many dimensions, the manufacturing errors are described further
by considering the relationship between pairs of dimensions. The covariance describes how one
dimension varies with another dimension, and it is calculated using Eq (4.11). If dimension d,
increases as dimension d, increases, then the covariance between the two dimensions is positive.
If dimension di decreases as dimension di increases, then the covariance between the two
dimensions is negative.
I k
cov(d,,d )= cov(dj ,di)- (d k -  )(d k -  )  (4.11)
k=1
The correlation coefficient normalizes the covariance by dividing the covariance by the
dimensions' standard deviations as shown in Eq (4.12) and Eq (4.13). Correlation coefficients
vary between values of -1.0 and +1.0. The magnitude of a correlation coefficient indicates the
aspect ratio of an ellipse that bounds the data. Examples of random variables with different
correlation coefficients are illustrated in Figure 4-6.
cov(d,, dj )
cor(d,,d j) (4.12)
SdiSdj
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I(d k )(d k )
k=I
k=l k=l
(4.13)
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Figure 4-6: Examples of correlated variables (a) correlation coefficient nearly equal to 0, (b)
correlation coefficient approximately equal to .4, and (c) correlation coefficient
approximately 1
It is frequently beneficial to group variances and covariances into a single matrix referred
to as the covariance matrix. The covariance matrix is shown in Eq (4.14) for a set of m
dimensions. Since the covariance between two dimensions is independent of order, the
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covariance matrix is always symmetric. If the dimensions are completely independent (i.e.
uncorrelated), then a special case arises, and the covariance matrix is diagonal.
Sdl cov(d1,d,) --- cov(d,d~ )
Scov(d,,, v( co(d,,2 ) Scov(d,d (414)
cov(d.,,d 1 ) cov(dmd,) * Sdm 2
Variability in the pallet location errors can also be described with variances and
covariances. If the errors in the pallet position and orientation are 3,, 3,, e, E,,E,, and e-, then the
locational variability is completely described by the error covariance matrix shown in Eq (4.15).
Different covariance matrices can be determined to describe station and system variability.
CE =
F , 2 cov(3,,3,) cov(b,,5z) COV(C,,E,) cov(S,.El) cov(b5EE)
.ov( 3 5 16) sb ov(3,%,16) cov(5.IE, ) cov( ,,E 1C) cov(5 1.")
cov(8: 145,) cov(6.-, 6,) S's. 2 ov(b.-E,) cov(6:lEv) COV(45-,E-)
COV(ES1 5, ) COV(E,, 5:%) COV(E 2,6- se2r) COV(E,,E,) COV(E,,E,)
cov(E,145,) cov(E,, 6%) cOv(E,, 6-) cov(E,.E,) SEV cov(E ,E:)
cOv(E:.'5,) COV(EC 5 1, ) COV(e:, 5.) cov(e.,E,) COV(EC.,E,) s j
(4.15)
4.4 Parametric, Virtual Models of Kinematic Couplings
The tolerances and statistical descriptions described in the previous section are now
applied to a dimension scheme that parametrically constrains the location of the contact surfaces
in a kinematic coupling. Parametric, virtual models of the two kinematically coupled bodies are
formed using these dimensions. The models consist of analytical surface representations for the
contact surfaces in the pallet and the contact surfaces in the pallet base.
The balls in the pallet and the grooves in the pallet base are dimensioned with respect to
two sets of datums in the x, y, and z directions. Independent dimensions are necessary for each
ball and groove since the manufacturing errors are not identical. Figure 4-7 and Figure 4-8 show
the dimensions and parametric variables that locate the balls and grooves with respect to their x
and y datums. Figure 4-9 uses cross-sectional views to show the dimensions between the balls
and grooves and their datums in the z-directions. Each dimension requires has an upper and
lower tolerance as described in Eq (4. 1). The ideal coupling centroid (in both the pallet and pallet
base) is also dimensioned from the manufacturing datums.
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Figure 4..7: Plan view of parametric dimensions that locate the balls in virtual models of
pallets
Figure 4-8: Plan view of parametric dimensions that locate the grooves in virtual models of
a pallet bases
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Figure 4-9: Cross-section views of parametric dimensions for vee-grooves and balls in
virtual models (a) view through vee-grooves (b) view through balls
As shown in Figure 4-10, virtual models of the pallet and pallet base are constructed by
modeling the spherical and flat contact surfaces. The construction of a virtual pallet begins with
generating a value for each dimension. Three approaches are used to generate the dimensions.
The first approach uses the nominal dimension values and results in a perfect pallet without
manufacturing errors. The second approach, used in the Monte Carlo simulations, randomly
generates dimensions according to the normal probability distributions in Section 4.3. This
approach simulates the manufacturing errors that are present in pallets and pallet bases. The third
approach, used in the multivariate error analysis, uses the nominal values for all but one of the
dimensions. The excluded dimension is the nominal value plus a small perturbation.
Groove
Surface 6
Groove
Surface 1
Ball 1
Surface Groove
Surface 5
Ball 3
Surface
Groove
Surface 2
Groove
Surface 3
Ball 2
Surface
Groove
Surface 4
Figure 4-10: Virtual surface model of kinematically coupled bodies
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The next step is to locate the center of each spherical contact surface. These are
determined by calculating the position vectors from the coupling centroid in the pallet coordinate
system to the center of the spherical surfaces. Eq (4.16) is applied for each spherical surface, i.e.
three times for a three-groove coupling and four times for a split-groove coupling.
BC XBDi 
- XBCBi Di
BC BDv yBCBcP Bp i  YBDi-YBC for i=1...3or4 (4.16)Bi i ZBDi -_BOi - ZBC
The surface of each ball is described with the equation for a sphere in three dimensions,
which is given in Eq (4.17). Variables within the equation include the coordinates of the sphere's
center BC BCp Cp BCpi ) and the sphere's diameter, d8 . All points on the spherical
surface, (B, YB, zB), are solutions to the equation.
(x-BCp +(B)--BCP2I 2+BCP 2-4dB2,=0 for i=1...3or4 (4.17)
The construction of a virtual pallet base is slightly more complex because the geometry is
more complicated. Like the pallet, a complete set of dimensions is first generated using any of
the three approaches. A virtual model for the pallet base includes the six flat surfaces of the vee-
grooves. Each surface is described in three-dimensional space by the equation for a plane, which
is shown in Eq (4.18). Variables within the surface equation include the coordinates of a point in
the plane, GC (GCp GCY GCpi), and the components of a vector normal to the plane,
GCFin (GC, I GCnFiGCn Fi ). All points that lie in the plane, (x,, y,, z,) are solutions to the
equation.
GCn _GCpr )+GC GCp GCn-GC
GC (F GC )GC F GCP )GC F GCp ) = 0 for i = 1...6 (4.18)
The coordinates of a point in each flat surface are obtained from a transformation
between the coupling centroid in the pallet base and a coordinate system placed in the corner of
each flat surface. These coordinate systems are visible in Figure 4-10. A simple method for
determining the transformations is to construct a series of smaller transformations that depend
upon the dimensions of the pallet base. Three smaller transformations are convenient when using
the dimension scheme illustrated in Figure 4-7, Figure 4-8, and Figure 4-9. The first
transformation represents a displacement between the groove manufacturing datums and the
coupling centroid in the pallet base. The second transformation represents a displacement
between the coordinate system at each vee-groove and the pallet base's manufacturing datums.
The third transformation represents a displacement from the corner of the contact surface to the
vee-groove. The total transformation, from the coordinate system at the contact surface to the
coupling centroid is obtained from the product of the smaller transformations as shown in Eq
(4.19) through Eq (4.24).
GC GC
FiT=GDT
GC GC
F 2T=- GDT
GC T=GC TF2T=GDT
GC TGC
F5T GDT
GC TGC
F6T•GDT
GD
GIT
GDTGI
GDG2T
GDG2T
GD
G3T
GD4T
GITFT
F2T
G2
F3 T
G2
F4 T
G3
F5T
G4
F6T
(4.19)
(4.20)
(4.21)
(4.22)
(4.23)
(4.24)
The transformation from
base is given by Eq (4.25).
the manufacturing datums to the coupling centroid in the pallet
I1 0 0 - XGc
GC 0 1 0 -YGc
GDT = 0 1 - ZGC
[000 1
(4.25)
The transformations from the coordinate
manufacturing datums in the pallet base are given
cos(OGI ) sin(OGI )
-sin( GI) COS(OGI
0 0
0 0
GD
GIT =
GD Si
G2T =:
GD TG3T =
.OS(OG 2 )
in(OG2)
0
0
COS(OG3)
sin( G 3 )
0
0
- sin(G2,)
COS(G 2 )
0
0
sin( G3)
 COS(G3)
0
0
system at the center of each vee-groove to the
by Eq (4.26) through (4.29).
XGDI
YGDI
ZGDI dGI
1
XGD2
YGD2
ZGD 2  dG2
I
XGDý
YGD3
ZGD 3 dG 3
(4.26)
(4.27)
(4.28)
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GD
G4T =
sin(OG4 )
COS( G4)
0
0
XGD4  1
YGD 4
ZGD4 -dG 4
1
(4.29)
The transformations between the coordinate systems in the corner of each contact surface
and the coordinate systems at the center of each vee-groove are given in Eq (4.30) through (4.35).
0 1
GI -[sin(aGI ) 0
-cos(aGG ) 0
0 0
0 -1
GI sin(aG2) 0
2T 
-cos(aG 2) 0
0 0
0
F3T =
G2 j
F4 -
G3
F5T
- sin(aG3 )
-cos(aG 3 )
0
1
0
0
0
0
sin(aG4 )
cos(aG4 )
0
sin(
-1
0
) 0
0
0
cos(aGI )
Ssin(aGq )
0
0
cos(aG,2)
sin(aG 2 )
0
0
- cos(aG3)
sin(aG3)
0
0
COS(aG 4 )
sin(aG4 )
0
0
cos(aG5)
sin(aG5 )
0
0 1 0
- sin(aG6 )
-cos(aG 6 )
0
- cos(aG6 )
sin(aG6)
0
- LGI
dGI tan(aG 1
dGI
LG2
-dGI tan(aG2 )
dGI
1
- LG3
dG2 tan(aG3 )
dG
2
Ii
- LG4
-dG2 tan(aG4
dG2
1
- LG5
-dG3 tan(aG5)
dG
3
1
dG
4
The coordinates of the points and the components of the normal vectors needed for Eq
(4.18) are embedded within the transformations defined in Eq (4.19) through (4.24). The
coordinates of a point in the contact surface, Pi (P, P/, Pi) and the components of the normal
vector, iiF, (n•-,n Y ,nF ) are obtained from the transformation matrices as shown in Eq (4.36) and
Eq (4.37), respectively.
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(4.30)
(4.31)
(4.32)
(4.33)
(4.34)
(4.35)
,1
.1
GC
FiTI,4
GC GC
GCPi GFiT2,4 for i=1...6 (4.36)
FiT3.4
GC
FiTI,3GCGC G FiT-,3 for i=1...6 (4.37)
FiT3,3
The virtual models described here are for spherical and flat surfaces, but the method is
extendable to other shapes of contact surfaces (e.g. "canoe" shaped balls and Gothic-arch
grooves). The only restriction is that the contact surfaces be described with analytical equations
in three dimensions.
4.5 Solution for Pallet's Resting Location
The purpose of constructing the surface models described in Section 4.4 is to set virtual
pallets on virtual pallet bases a-'d then calculate their relative location (position and orientation).
The approach presented here is used in both the Monte Carlo simulations described in Section 4.6
and the multivariate error analysis described in Section 4.7.
When two rigid bodies are kinematically coupled, the separable body will rest in a
location where its energy is minimized. If friction at the contact points is neglected, then the
resting location is determined simply from the geometry of the kinematic coupling. The solution
presented here is a general method that can be used for calculating the relative location of
kinematically coupled bodies that contain manufacturing errors. The solution assumes that
friction at the contact points is negligible and that the coupled bodies are rigid. It does not
assume that the resting location is linearly related to the manufacturing errors. By avoiding the
linearity assumption, the method remains valid for even large manufacturing errors.
A complete description of the pallet's resting location requires six degrees of freedom.
As shown in Eq (4.38), the resting location of the pallet is specified by a transformation from a
coordinate system in the pallet to a coordinate system in the pallet base. The six degrees of
freedom are three translationsxr, Yr, and Zr, and the three rotations ar, fi, and y,. These six
degrees of freedom are measured in the coordinate system at the coupling centroid in the pallet
base. Thus, the objective is to determine these six unknown degrees of freedom. The degrees of
freedom are available in the transformation matrix that describes the rigid body displacement
between the coupling centroids in the pallet and pallet base. This transformation, shown in
(4.38), describes the pallet locational errors.
cos(ar,)cos(p,) cos(ar)sin(p, )sin(y,)-sin(ar,)cos(y,) cos(ar)sin(f, )cos(y,)+sin(a,)sin(y,r) x,
GC sin (at r )COS(p, ) sin(o L )sin(#r , )sin(y, )-cos(a r )cos(y r ) sin(a r )sin(f r )cos(y, )-cos(a, )sin(y, ) yr,
aBCT (4.38)-c sint(p, ) cos(p,) sin(y,) cos(p, ) cos(y, ) z,
O 0 0 1
Unfortunately, these six unknowns can not be found without also determining the
locations of the six contact points. It is important to realize that these points differ from the
nominal locations because of the manufacturing errors. Since, each contact point has three
components, there are 18 unknowns associated with the contact points. Therefore, the total
number of unknowns is 24, and consequently, a system of 24 equations is necessary.
When the pallet rests in the pallet base with negligible preload and disturbance forces, the
six contact points lie in the surfaces described by the virtual models. Furthermore, the spherical
surfaces must be tangent to the flat surfaces. The assumption of negligible preload and
disturbance forces is not restrictive, since the contact deformation errors can be determined with
the methods presented in Chapter 3 and then superposed on the resting location.
The first six equations are obtained from requiring the six contact points to lie in the
plane of the flat surfaces in the vee-grooves. Eq (4.39) through Eq (4.44) are obtained by
rewriting Eq (4.18) and substituting variables for the unknown coordinates of the contact points,
GC P (GC p GCp y GC p
GCnF (GC _GCp )+GC n (GCP GCp)+GC, F GC pzGCp)= 0  (4.39)
GC GCP GC GC (GCP GCP )GC (GCpz - GCP2= (4.40)
FGn (GC 2  2 F -  2 )GC )C )+GCn 2 (4
GCn (GCp GC . GCnv )+GC G G PnZ• (C GCP•• ) =0 (4.41)
GCe GC, GC GC GCP GCpv GC GCP GCP 4 ) = 0 (4.42)nF4 G 4 - 4 PF)+GnF4 ( n C 4-" F4 )= 0  (4.42)
GC 2 F( GCp5 _GC r GC (GCPVC5 _GC C p (GCpz GCP )=0 (4.43)/1' n Ps -P)+1Cn- (F 0(4.43)
GC GC GC GC GC6 GC )+GC (GCpz6 GCP6 )= 0 (4.44)
The remaining eighteen equations are obtained from the scalar components of six vector
equations. Each vector equation is derived by closing the ends of two vector chains. The two
vector chains begin at the coupling centroid in the pallet base. The first vector chain moves to a
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particular contact point by way of the pallet's coupling centroid and the position of a ball's
center. The second vector chain moves to the same contact point by way of the flat surface in the
vee-groove. Loop closure of the two vector chains incorporates the unknown transformation,
GC
BC
The loop closure is illustrated in Figure 4-11 for one spherical surface resting on one flat
surface. The coordinate systems at the coupling centroid of the pallet and pallet base are labeled
as coordinate systems BC and GC, respectively. The resting location of the pallet is represented
by the transformation Bc between the two coordinate systems.
Figure 4-11: Illustration of a ball resting tangent to a groove's flat surface
The position of the ball's center in the pallet coordinate system is determined from the
virtual pallet model and Eq (4.16). This position vector must be transformed to the pallet base
coordinate system using the unknown transformation as shown in Eq (4.45).
GC5 GCT BCp B  (4.45)
As shown in Eq (4.46), the position vector to the contact point equals the vector sum of
the position vector to the ball center and the normal vector from the ball center to the contact
point.
GC PC = CpB + GC c (4.46)
GC P GCC T BCPB GC + c  (4.47)
Because of the tangency constraint, the normal vector from the ball center to the contact
point has a magnitude equal to the ball radius and is in the opposite direction of the flat surface's
normal vector. This is expressed in Eq (4.48).
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i
BCc = dB BscF, (4.48)
2
A generic vector equation, applicable for each contact point, is obtained by rearranging
Eq (4.47) and substituting the above expression for the contact normal vector. The equation
includes the transformation that specifies the pallet's resting location and a few of the coupling's
design parameters (i.e. the ball location and ball diameter).
C BC-p BC-c=_dB BCF
G BC B _ BC (4.49)
2
Six unique vector equations are obtained by customizing Eq (4.49) for each contact point.
For a split-groove kinematic coupling, ball I contacts flat surfaces I and 2, ball 2 contacts flat
surfaces 3 and 4, ball 3 contacts flat surface 5, and ball 4 contacts flat surface 6. Eq (4.50)
through Eq (4.55) shows the resulting six equations for a split-groove kinematic coupling.
Eighteen independent scalar equations are obtained when these six vector equations are broken
into their individual components.
GC BC BC d BI BC (4.50)
GC Tc BC B-c-2 (4.51)2
GC BCABBC • B BC-F (4.52)BCT Bb(4.52)
GC BC- BC dB2 BC- (4.53)BCT PB, PC4 7 2- F4
GC BC f BC _ dB3 BC-(BCT -B nF 5 (4.54)
GC BC- BC dB4 BC- (4.55)
sc T PB4  C 26  6
Since the system of equations is large and contains non-linear terms from the
transformation matrix, it is simpler to solve iteratively than in closed-form. When using iterative
solvers, it is important to consider whether multiple solutions exist. Fortunately, this system has
a single solution, and is therefore robust to the estimates that initiate the iterative solver. For this
thesis, the system of equations is solved with Matlab's fsolve.m script. Figure 4-12 summarizes
the known and unknown variables in the solution for the resting position.
System of
24 Equations
Non-linear
Equation
Solver
Fiue41:Konan nnw aibe i ouinfrteretn'oiino
Figure 4-12: Known and unknown variables in solution for the resting position of a
kinematic pallet
4.6 Monte Carlo Simulation of System Variability
Monte Carlo simulation is a numerical technique for determining the statistics of events
that depend on probabilistic variables. The technique is based on performing many numeric
experiments in which the output variables are calculated with randomly generated sets of input
variables. The random input variables are assumed to fit particular probability distributions. By
performing many experiments, conclusions regarding the probability of the output variables can
be drawn. In this application, the probabilistic input variables are the dimensions of the pallet and
pallet base. The output variables are the errors in the resting location of the pallet. The mean,
standard deviations, variances, and covariances of the six error components are the interesting
statistics. This approach to analyzing variability at the station and system level is essentially a
numerical embodiment of the thought experiments performed in Section 4.2.
The process for performing Monte Carlo simulations is illustrated in Figure 4-13. The
process begins with inputting the nominal dimensions for the pallet and pallet base, each
dimension's upper and lower limits, and the nominal dimensions to the coupling centroids. The
means and standard deviations for all the dimensions are calculated with Eq (4.4) and Eq (4.5),
respectively.
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I
Figure 4-13: Flow chart of Monte Carlo simulation
The simulation contains two nested loops. The outer loop increments through a quantity
of pallet bases, ,GC, and the inner loop increments through a quantity of pallets, nBC. Within the
outer loop, random dimensions for a pallet base are generated according to the normal PDF in Eq
(4.3), and then a virtual pallet base is constructed as described in Section 4.4. Within the inner
loop, random dimensions for a pallet are generated, and a virtual pallet is constructed. The
resting location of the pallet with respect to the pallet base is calculated with the method
presented in Section 4.5. The errors between the actual resting location and the target resting
location are calculated using Eq (4.56) through Eq (4.61). If the target resting location is such
that the coordinate systems at the coupling centroids are ideally coincident, then the target
positions, xtarget
, 
Ytarget, and z,arlel, and rotations, atarget, ar, andYtargei , are zero.
Sr = Xr, -Xtarget (4.56)
S( = Yr L Ytarget (4.57)
S• = Zr - Zrarg et (4.58)
Er "r- ar target (4.59)
E,. = ir - fPtarge, (4.60)
EZ = Yr Y- target (4.61)
After the inner and outer loops are completed, sample statistics such as the mean and
standard deviations of the error components are calculated using Eq (4.62) through Eq (4.67).
The mean of each error component represents the most probable error. For system-wide
variation, the mean error should be approximately zero, but for station variability, some mean
shift is expected. The standard deviations provide a measure of the variability in each error.
With 99% confidence, the system variability of a particular error component should lie within
three standard deviations of the mean.
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I=I
Monte Carlo simulations can provide estimates for both station and system variability.
Station variability is estimated by performing the outer loop once. System variability is estimated
by performing the outer loop many times. Unlike the multivariate error analysis described in
Section 4.7, mean shifts can be estimated with Monte Carlo simulations. The probability
distribution of mean shifts in station variability can also be determined by performing many
station simulations.
For this thesis, the Monte Carlo simulations were performed with a set of scripts and
functions that run within Matlab*. The functions and scripts require the statistics and
optimization toolboxes. The statistics toolbox provides routines for generating random values,
for calculating the mean and standard deviation of the error components, and generating
histograms. The optimization toolbox is necessary for solving the system of non-linear equations
used to determine the resting position of the pallet on the pallet base.
* Matlab for Windows is software from The MathWorks, Inc., 24 Prime Park Way, Natick, MA.
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(4.62)
and
(4.63)
(4.64)
(4.65)
(4.66)
EX n-I
4.7 Multivariate Error Analysis of System Variability
A second method for estimating station or system variability in systems of kinematically
coupled bodies is based on multivariate error analysis 89' 90. This method provides a quicker
solution than Monte Carlo simulation. Multivariate error analysis is traditionally used to
determine the uncertainty in a calculated value that results from uncertainty in a measured value.
The method is often used in laboratory experiments to propagate measurement uncertainties
through calculated results.
Multivariate error methods are derived from Taylor series approximations for functions
that contain variables with uncertainty. In this application, the functions relate the dimensions of
the pallet and the pallet base to the resting location of the pallet. The error analysis is performed
on six functions, shown in Eq (4.68) through Eq (4.73).
xr = X(d, d2,..., d,) (4.63)
Yr = Y(d,d 2 ,...,d,,) (4.69)
zr = Z(dl,d 2,..., d) (4.70)
ar = A(di,d2,..., d, ) (4.71)
fir = B(d1, dz,..., dn ) (4.72)
Yr = F(dj,d 2 , ... , d) (4.73)
A Taylor series expansion for each of these functions expresses the components of the
resting location in terms of the nominal dimensions, partial derivatives of the six functions, and
differential manufacturing errors in the dimensions. The Taylor series expansion for the x
coordinate is shown in Eq (4.74), and similar expressions can be written for the remaining
functions Y, Z, A, B, and F.
o, nX(d t rn0 ,4,,re X nX aX
X= X(dno',do,... )+ . Adm l -a + Ad2 - - + -adn + Higher Order Terms (4.74)
Expressions for the errors in the resting location are obtained by rearranging the Taylor
series so that the difference between the actual location and the target location is isolated. This is
shown in Eq (4.75) and Eq (4.76) for the error in the x-direction. Similar expressions can be
written for the remaining errors, 3., S,, ,, E., and Eg.
Sx = x, -X(d", d""',..., d~no) (4.75)
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ax ax ax
x = Ad, -+Ada +...+Ada +Higher Order Terms
ad, -dDd2 ad, (4.76)
Neglecting the higher order terms yields approximations for each error component as a
linear combination of the dimensional errors. All six equations are expressed in matrix form by
the linear transformation shown in Eq (4.77). The 6 x n matrix of partial derivatives is commonly
referred to as a Jacobian matrix.
YVr
S,5
Exr
E.Vr
E -4-r
ax
ad,
aY
ad,
az
ad,aA
ad,
aB
ad,
ad,
ax
ad,
aY
ad2
az
ad,
aA
ad2
aB
ad2
ad2
ax
adn
aY
ad,
az
ad,,
aA
ad,,
aB
adn
ad,
Ad;
Ad2
[Ad
(4.77)
(4.78)SE = [J1]t
Since actual expressions for the six functions X, Y, Z, A, B, and F are not actually known,
the elements of the Jacobian matrix are estimated numerically. This is done by perturbing
individual dimensions from their nominal value, calculating the resting location, and then
calculating the six pallet errors. This numerical approximation for the Jacobian matrix is
expressed in Eq (4.79).
[J]=
AX
Ad,
AY
Ad,
AZ
Ad,
AA
Ad,
AB
Ad,
AF
LAd,
AX AX
Ad2  dnAY AY
Ad2  Ad,,
Ad, Adn,
AB AB
Ad, Ad,,
AA AFAd, dnAFz AF
(4.79)
The variance and covariance of the errors in resting location depend upon the variance
and the covariance of the dimensions in the pallet and pallet base. A simple expression relates the
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covariance matrix of the dimensions to the covariance matrix of the resting location errors. As
shown in Eq (4.80), the error covariance matrix equals the product of the Jacobian, the dimension
covariance matrix, and the transposed Jacobian matrix. A derivation for this relation is provided
by Cliffordsg. The multivariate error analysis is concluded by calculating the covariance matrix
for the pallet's location errors, [CE ].
[CE 1= [[CD][Jf (4.80)
If Eq (4.80) is expanded, then the element at row I and column m of [CE] can be
evaluated directly as shown below in Eq (4.81).
CEI,m = d SdiSd 1j,iJm, (4.81)
i=1 j=1
The standard deviations of the pallet's locational errors are the square roots of the
elements along the diagonal of [CE ]. Eq (4.81) can be used to directly determine the standard
deviations (the diagonal elements in the covariance matrix) without determining the covariances
(off-diagonal elements).
=S, [t  Sdi Sd Jl,Jl.,j (4.82)
i=1 j=1
S, = E Sdj Jd 2i 2. .j (4.83)
i=1 J=1
-1/2
s65 = Sd SdJ3,iJ3,j (4.84)
f=1 j=
Se = Sdi JS4,J4,j (4.85)
S= Sdi Sdj 5,iJ5,j (4.86)
sc = E Sd, d 1 a6,,j (4.87)
During the design of a kinematically coupled system, it is unlikely that a complete
covariance matrix for the dimensions is known. Therefore, assumptions regarding the variances
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and covariances are necessary. The amount of variance depends upon the manufacturing process.
For instance, a molded plastic pallet will certainly have more dimensional variation than a
machined and ground pallet. Reasonable estimates of the dimensional variation are obtained
from experience or tolerance references.
The correlation or covariance of the dimensions is less straightforward and difficult to
predict in advance. In fact, the correlation is likely to vary with changes or adjustments in the
manufacturing process. One potential assumption is that the dimensions are totally uncorrelated,
and this results in a diagonal covariance matrix. For this assumption, Eq (4.82) through Eq (4.87)
reduce to the familiar root-sum-square (RSS) estimate of variation. The RSS estimates for the
standard deviations of the error components are given below.
RSS 
x  (Sdi i Ji] (4.88)
i=11/2
RSSs = - di (4.89)
1i=2
RSS sg' SdiJ3,i (4.90)
RSS Se = [E SdJ J4., 2  (4.91)
RSS SSdi (4.92)
RSS S = (diJ6 (4.93)
Another method of estimating variation deserves brief attention. This method. commonly
referred to as the worst-case estimate, provides a value for the maximum variation. The worst-
case variation is calculated as the sum of the absolute values of the product between each
dimensions variation and its respective partial derivative. An expression for the worst-case
estimate for the variation in the x-direction errors is shown in Eq (4.94). The worst-case estimate
represents the simultaneous occurrence of the largest dimensional errors, and this is highly
unlikely to ever occur. In situations where the error can not exceed a given limit, then this
expression may be useful.
Swcsx : Sdl, ,lI+lSd2 1JI,21+... +iSdnJl,,, (4.94)
It is important to realize that this estimate for the worst-case error is not only improbable,
it is sometimes impossible. The reason is that some terms in the Jacobian matrix are negative.
Therefore, the product of the Jacobian terms in Eq (4.82) through Eq (4.87) is sometimes
negative. These negative terms actually tend to reduce the variation in the errors. The worst-case
estimate ignores this fact.
4.8 Analysis of the VHDM Kinematic Pallet System
This section applies the Monte Carlo simulations and the multivariate error analysis to
the design of the split-groove kinematic pallet described in Chapter 3. Monte Carlo simulations
were performed to estimate the station variability and the system variability. The results of the
simulations are provided with histograms of the translation and rotation errors, covariance
matrices, and tables of the errors' standard deviations. A multivariate error analysis was
performed for the system level variability, and its results are presented in the form of a covariance
matrix and a table of the errors' standard deviations. The agreement between the two methods is
shown in Section 4.8.3 while investigating the sensitivity of the variations to the tolerances of the
pallet and pallet base.
The first step is to determine the target dimensions between the coupling centroids and
the manufacturing datums. The target dimensions between the manufacturing datums in the
pallet and the coupling centroid in the pallet are given in Eq (4.95). The nominal dimensions
between the manufacturing datums in the pallet base and the coupling centroid in the pallet base
are given in Eq (4.96). The remaining dimensions in the pallet base and pallet are summarized in
Table 4-1 and Table 4-2, respectively. Additional columns provide each dimension's upper
tolerance and lower tolerance. The mean and standard deviation for each dimension in the pallet
and pallet base was determined with Eq (4.4) and Eq (4.5). The resulting values are included in
the fifth and sixth columns of Table 4-1 and Table 4-2.
xRC = 84.504
YBc = 203.1 19 (4.95)
ZBC = 38.867
XGc = 80.804
YGC = -107.950 (4.96)
ZGC = 1.016
Table 4-1 Dimensions, tolerance limits, mean values, and standard deviations for pallets
Nominal Lower Mean StandardUpper Tolerance Deviation
Value Tolerance Value(mm)(mm) (mm)(mm) (mm)
dB 6.350 0.00508 0.00508 6.350 0.00169
XBs• 8.992 0.0508 0.0508 8.992 0.0169
X BD 2 8.992 0.0508 0.0508 8.992 0.0169
XBo 3  295.910 0.0508 0.0508 295.910 0.0169
XBD 4  295.910 0.0508 0.0508 295.910 0.0169
YBD1  -6.350 0.0508 0.0508 -6.350 0.0169
YoD2  -209.550 0.0508 0.0508 -209.550 0.0169
YBD 3  -206.375 0.0508 0.0508 -206.375 0.0169
YBD 4  -9.525 0.0508 0.0508 -9.525 0.0169
S oBDI 6.096 0.0508 0.0508 6.096 0.0169
ZBD, 6.096 0.0508 0.0508 6.096 0.0169
Zso3 6.096 0.0503 0.0508 6.096 0.0169
ZBD4  6.096 0.0508 0.0508 6.096 0.0169
ZBOI 5.080 0.00508 0.00508 5.080 0.00169
ZBO 2 5.080 0.00508 0.00508 5.080 0.00169
ZBo3 5.080 0.00508 0.00508 5.080 0.00169
zBO4 5.080 0.00508 0.00508 5.080 0.00169
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Table 4-2: Dimensions, tolerances, mean values, and standard deviations for pallet bases
Nominal Lower Mean Standard
Upper Tolerance Deviation
Value Tolerance Value(mm)(mm) (mm)(mm) (mm)
XGDI 12.700 0.0508 0.0508 12.700 0.0169
xGD2 12.700 0.0508 0.0508 12.700 0.0169
XGo3 299.611 0.0508 0.0508 299.611 0.0169
xGD4  299.611 0.0508 0.0508 299.611 0.0169
YGDI 304.719 0.0508 0.0508 304.719 0.0169
YGD2 101.518 0.0508 0.0508 101.518 0.0169
YGD3 104.693 0.0508 0.0508 104.693 0.0169
YGD4  301.544 0.0508 0.0508 301.544 0.0169
ZGDI 38.236 0.0508 0.0508 38.236 0.0169
ZGD2 38.236 0.0508 0.0508 38.236 0.0169
ZGo3 38.236 0.0508 0.0508 38.236 0.0169
ZGD4  38.236 0.0508 0.0508 38.236 0.0169
OGI 54.75 deg 0.05 deg 0.05 deg 54.75 deg 0.0167 deg
PG2  54.75 deg 0.05 deg 0.05 deg 54.75 deg 0.0167 deg
0G3 54.75 deg 0.05 deg 0.05 deg 54.75 deg 0.0167 deg
OG4  54.75 deg 0.05 deg 0.05 deg 54.75 deg 0.0167 deg
aGI 45.00 deg 0.05 deg 0.05 deg 45.00 deg 0.0167 deg
aG2  45.00 deg 0.05 deg 0.05 deg 45.00 deg 0.0167 deg
aG3  45.00 deg 0.05 deg 0.05 deg 45.00 deg 0.0167 deg
aG4  45.00 deg 0.05 deg 0.05 deg 45.00 deg 0.0167 deg
aG5 45.00 deg 0.05 deg 0.05 deg 45.00 deg 0.0167 deg
•G6  45.00 deg 0.05 deg 0.05 deg 45.00 deg 0.0167 deg
LGI 12.813 NA NA NA NA
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4.8.1 Results of Monte Carlo Simulations
Two different Monte Carlo simulations were performed.
station variability and demonstrates mean shifts in the error
simulation estimates system variability.
One simulation estimates the
components, and the second
For simulating station variability, the means and standard deviations for each dimension
were used to generate a single virtual model of a pallet base (with randomly generated
manufacturing errors) and 62,500 virtual models of pallets (with randomly generated
manufacturing errors). The randomly generated dimensions for the pallet base are shown in
Table 4-3, and histogram plots of the randomly generated dimensions for the pallets are included
in Appendix D.
Table 4-3: Random dimensions for pallet base in Monte Carlo simulation of station
variability
i=l i=2 i=3 i=4 i=5 i=6
'Gi (rad) 0.9557 0.9557 0.0004 0.0005 NA NA
XGDi (mm) 12.733 12.692 299.637 299.604 NA NA
YGDi (mm) 304.741 101.526 104.697 301.537 NA NA
ZGDi (mm) 38.222 38.211 38.253 38.214 NA NA
dG, (mm) 3.856 3.866 3.857 3.858 NA NA
aGi (mm) 0.7855 0.7855 0.7855 0.7860 0.7853 0.7863
Each virtual pallet was coupled to the virtual pallet base to determine a set of position and
orientation errors. This was done by calculating the resting location using the procedure in
Section 4.5. After completing all the pallets, the statistics of the distributions of the errors were
determined. Histograms for each error component are shown in Figure 4-14, and the statistics are
summarized in Table 4-4.
155
LG2  12.813 NA NA NA NA
LG3  13.970 NA NA NA NA
LG4  13.970 NA NA NA NA
LG5  12.319 NA NA NA NA
LG6 12.319 NA NA NA NA
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Figure 4-14: Histograms of pallet locational errors determined from Monte Carlo
simulation of station variability
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Table 4-4: Estimated station variability for VHDM kinematic pallets calculated with Monte
Carlo simulation
Error Mean Value with 95% Standard Deviation with 95 % 6 Sigma
Component Confidence Interval Confidence Interval Range
3x (Lm) 27.44 5 27.55 < 27.67 14.55 •14.63 • 14.71 87.78
3 (jLm) 36.69 • 36.80 < 36.92 14.60 < 14.68 • 14.76 88.08
6: (jm) -16.55 5 -16.47 • -16.39 9.99 • 10.04 • 10.10 60.24
E• (girad) -29.93 • -29.40 5 -28.87 67.29 67.66 < 68.04 405.9
E, (gLrad) -89.00 5 -88.43 5 -87.86 72.11 5 72.51 5 72.92 435.1
e z ((rad) 103.5 104.4 < 105.3 118.2 5 118.8 119.5 712.8
A complete covariance matrix was determined with Eq (4.15) for the station variability.
The resulting matrix is shown in Eq (4.97).
[CE ]=
2.150x 102
-1.843xl 0-2
2.176xl0 - '
-9.174x10 - 2
4.296
1.538
-1.843xl0 -2
2.158xl102
3.618xl0 - '
- 2.503
-1.743
7.076xl102
2.176xl 0-
3.618x10- '
1.008xl 02
6.703x10 -'
1.327xl0 2
- 9.600x10 - '
-9.174xl10 -2
- 2.503
6.704xl 0- '
4.563xl03
- 2.092xl 0'
3.199xl03
4.296
-1.743
1.327x102
- 2.092xl0'
5.240xl 0
2.169xl0'
1.538
7.076x102
-9 6C0xl 0-
• rl' Innrx3
3.199xl0-
2.169xl0'
1.412xl04
(4.97)
For the system-wide simulation, the means and standard deviations for each dimension
were used to generate 250 pallets and 250 pallet bases. The resting location between every pallet
and pallet base was determined by constructing virtual models and solving for the resting
location. This results in 62,5C0 combinations of pallets and pallet bases. A complete covariance
matrix for system variability is shown in Eq (4.15).
[CE]=
3.972x10 2
-1.307
7.049
- 2.536xl10'
6.7 75xl10'
- 2.842xl102
-1.307
4.373xl0 2
1.347xl10'
8.630x10'
- 5.66 xl 0'
1.417xl 0
7.049
1.347x10'
1.929x102
9.732x10'
2.607x102
8.447
- 2.536x10'
8 630x10'
9.732x10'
9.096xl03
- 4.173xl0 2
6.525xl 0
6.775xl10'
-5.661xl0'
2.607x102
-4.173x10 2
1.025xl04
3.123xl0 2
- 2.842x102
1.417x10 3
8.447
6.525xl03
3.123x10 2
2.971xl0 4
(4.98)
Histograms for the system variability
mean and standard deviation for each
results are summarized in Table 4-5.
in locational errors are shown in Figure 4-15. The
error was determined using Eq (4.8) and Eq (4.9),
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Figure 4-15: Histograms of pallet locational errors determined from Monte Carlo
simulation of system variability
158
ri MU U- 0 72SIGMA = 20 912
SAMPLES = 6 25e+004
MU -- 069228
SIGMA = 13888
7000
6000
5000
4000
3000
2000
1000
-80 -60
)F
_1 B
0-01 Cc - ý -.-
E
E
-
-
-
-
J. )I
Table 4-5: Estimated system variability for VHDM kinematic pallets calculated with Monte
Carlo simulation
Error Mean Value with 95% Standard Deviation with 95% 6 Sigma
Component Confidence Interval Confidence Interval Range
6, (inm) 8.666 < 8.822 < 8.978 19.82 • 19.93 < 20.04 119.6
6,. (tm) 0.564 5 0.728 5 0.892 20.80 5 20.91 • 21.03 125.5
6 (gpm) -0.801 5 -0.692 < -0.583 13.81 < 13.89 • 13.97 83.3
E, (grad) -8.481 < -7.733 < -6.985 94.85 < 95.37 •95.90 572.2
E,. (Lrad) -8.033 5 -7.240 < -6.447 100.6 5 101.2 • 101.7 607.5
EZ (grad) 0.213 5 1.565 < 2.917 171.4 5 172.4 • 173.4 1034
These simulations demonstrate the results that were anticipated from conducting the
thought experiments in Section 4.2. The station variability has a definite mean shift (station
inaccuracy) that is observable in both the translation and rotation errors, but the system variability
is nearly centered at the target position with mean errors near zero. TJ'e slightly shifted means in
the system variability are the result of round-off errors in the diransions used in the simulation.
It is also important to observe that the system variability is indeed larger than the station
variability (by about 40%).
4.8.2 Results of Multivariate Error Analysis
A multivariate error analysis was also performed to estimate the system-wide variability.
Each dimension was perturbed from its nominal value while the other dimensions were fixed at
their nominal values. The resting location of the pallet with respect to the pallet base was
calculated for each perturbed dimension, and the affect of the perturbation on the pallet's errors
was assessed. The Jacobian matrix was then estimated numerically using Eq (4.79).
The dimensions of the pallet base and pallet were assumed uncorrelated. This
assumption was necessary since information regarding the covariance of the dimensions was
available at analysis time. If actual dimensions were available, then they could be used to
estimate the off-diagonal terms in the dimension covariance matrix using Eq (4.11). Since the
dimensions were assumed uncorrelated, the dimension covariance matrix, [C,], was diagonal.
The diagonal terms were determined by squaring the standard deviations summarized in Table
4-2.
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The error covariance matrix, with the terms specified in Eq (4.15), was determined with
Eq (4.80). The result is shown below. A quick comparison between the covariance matrices
determined from the system-wide Monte Carlo simulation and the multivariate error analysis
shows reasonable agreement in their results.
[C, =
8.428xl 02
7.631
8.44 1xl0 -
8.476
7.189
3.714xl0'
7.631
4.29 1xl 02
- 1.424
-7.647
-4.919
1.406xl 03
8.44 xi 0-'
-1.424
2.020xl 02
-6.660
2.635xl 02
- 2.915xl0'
8.476
-7.647
-6.660
9.250x l03
- 2.365xl0'
6.520xl 03
7.189
-4.919
2.635xl 02
- 2.365xl 0
1.059xl 04
- 1.028xl 02
3.714xl 0'
1.406xl 0'
- 2.915xl 0
6.520xl 03
- 1.028xl 02
2.853xl 0
(4.99)
The standard deviation for each error was determined from the error covariance matrix by
calculating the square root of the diagonal terms. It is also useful to calculate the 6-Sigma range,
which represents a confidence interval of about 99.8%. Table 4-6 summarizes the calculated
standard deviations and the 6-Sigma ranges for each error component. These estimates are
similar to the estimates in Table 4-5.
Table 4-6: Estimated system variability for VHDM kinematic pallets calculated by
multivariate error analysis
Error Standard 6 Sigma
Component Deviation Range
6, (gm) 29.03 174.2
6, (im) 20.71 124.3
6Z (4m) 14.21 85.26
e, (grad) 96.18 577.1
E,. (grad) 102.9 617.4
e, (grad) 168.9 1013
4.8.3 Sensitivity of Variation to Tolerances
Location
on Ball and Groove
The sensitivity of the error variation to tolerance limits in the pallet and pallet base was
evaluated by performing a Monte Carlo simulations and multivariate error analyses with different
tolerance values. The upper limit and lower limits on each dimension were assumed symmetric
and the tolerance limit was varied from 25.4 jgm to 508 Im. This analysis also shows the
agreement in results between the Monte Carlo simulations and the multivariate error analyses.
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Figure 4-16 shows plots of the 6 Sigma range for each error component as functions of the
tolerances. The two curves on each plot are the results from the Monte Carlo simulations and
from the multivariate error analysis.
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Figure 4-16: Sensitivity of variation to tolerances on ball and groove dimensions
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4.9 Chapter Summary
The quality and reliability of automated assembly operations depend upon the relative
errors between the components being assembled together. In flexible assembly systems, product
assemblies are often transported on palletized fixtures to several assembly stations. At each
station, the pallet must be precisely located to minimize the errors between the product assembly
and the component being added to the assembly. Potential sources of pallet location errors
include repeatability errors, errors induced by the assembly operation (e.g. deflection due to
insertion forces), and manufacturing errors in the pallets and pallet bases.
In Chapter 3, split-groove kinematic couplings were demonstrated to be more repeatable
than conventional pallets. Furthermore, their determinism allows designers to estimate the errors
that will result from assembly forces. This chapter has completed the error analysis by providing
two alternative techniques for estimating the amount of pallet locational variability that results
from manufacturing errors in the pallets and pallet bases.
The first analysis technique, Monte Carlo simulation, was presented as a natural
derivative of a set of thought experiments, but this technique suffers from extensive
computational time. A benefit of the Monte Carlo simulations is that it can be used to dettrmine
estimates for mean shifts in station variability. The second technique, multivariate error analysis,
is computationally more efficient and equally effective in the region where the pallet errors are
linearly related to the dimensional errors. The two techniques were demonstrated by analyzing
the split-groove kinematic pallet designed for the connw;ctor assembly system.
These analytical methods extend the design methods of kinematic couplings to include
systems of kinematically coupled bodies. Both methods use a virtual model of the coupling's
contact surfaces to calculate the relative position of the coupled bodies. The current
implementation supports spherical surfaces in contact with flat planes, but other geometries are
easily implemented. The virtual models may be constructed with nominal dimensions, random
dimensions, or perturbed dimensions. These three approaches provide the basis for determining
the target resting location, performing the Monte Carlo simulations, and evaluating the Jacobian
matrix in the multivariate error analysis. The complete covariance matrix for the pallet
locational errors can be determined with a Monte Carlo simulation or with a multivariate error
analysis.
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Chapter 5 Conclusions and Future Work
5.1 Conclusions
Information technology enables the transfer of information directly from the customer to
the manufacturing floor. This promotes a competitive strategy called mass customization, in
which production systems manufacture or assemble products that are configured specifically for
the customer. This strategy depends on the ability to design, fabricate, and operate build-to-order
manufacturing systems.
Build-to-order manufacturing systems were investigated in this thesis from the context of
a configurable electrical connector. The electrical connector is used in card-cage assemblies in
telecommunications equipment, network servers, mainframes, and computers. Since each
application uses unique printed circuit boards, the connector is custom configured for each
customer. To achieve high-mix, low-volume production, these connectors are traditionally
assembled manually, but recent developments in the connector design are compromising the
manual processes. New connector designs require the assembly process to be more precise and
evolve to high-mix, high-volume production.
A fundamental obstacle was discovered in the error budget for component insertion
within a flexible assembly system for the electrical connector. Conventional pallets used in
industrial conveyor systems are repeatable to only ± 0.05 mm (± 0.0020 inches). In small
electronic assemblies, this amount of variation is unacceptable because it decreases quality and
reliability. Kinematic couplings were consequently proposed as a potential solution to this
problem since they precisely locate one body with respect to another. Experiments demonstrated
that kinematic pallets used under factory-like conditions can be precisely positioned to ± 0.005
mm (± 0.00020 inches), thus achieving about an order of magnitude improvement in
repeatability.
For this application, traditional design methods for kinematic couplings were deficient in
two crucial aspects. They could not easily determine the effects of disturbance forces that varied
in position or direction, and they did not address variation that arises from manufacturing errors
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in multiple kinematically coupled boales. This thesis therefore contributed new analytical
methods that resolve these deficiencies.
The effects of disturbance forces on kinematically coupled bodies are analyzed by
forming a bounded region in a six-dimensional vector space, where the dimensions are the
coordinates of the disturbance force's application point and the components of the disturbance
force. For many applications, three or four of the dimensions are constant, which enables
graphical representation. The static equilibrium of the coupled body is insured by verifying that
the disturbance region lies within the equilibrium boundaries. Similarly, the disturbance region
should lie within the stress boundary that represents yielding at the contact points. Additional
equations give the errors (position and orientation) that result from deformation at the contact
points over the entire disturbance region.
In systems of kinematically coupled bodies, variation in the position and orientation of
the coupled body arises from the combination of manufacturing errors. The manufacturing errors
are described with normally distributed dimensions. A set of thought experiments illustrated how
these errors create station and system variability in a kinematic pallet system. This thesis
presented two methods, Monte Carlo simulation and multivariate error analysis, as general
approaches to estimating the variation in systems of kinematically coupled bodies. Both methods
use a virtual model of parametric, surface representations for the contact surfaces.
These new analytical methods were applied in a method for designing split-groove
kinematic couplings. The split-groove coupling was used to locate the palletized fixtures in the
flexible assembly system for the electrical connector. Split-groove kinematic couplings differ
from conventional three-groove kinematic couplings by splitting the vee-groove that lies on the
coupling centerline and separating the contact surfaces by some distance. This type of kinematic
coupling has been considered before, but questions about its ability to remain in equilibrium
when subjected to particular disturbance forces discouraged its application. The analytical
methods presented in this thesis enable split-groove kinematic couplings to be compared with
three-groove couplings. It was discovered that in some cases, there is no difference in their
equilibrium stability, but they will always have different error motions.
The development of the split-groove kinematically coupled pallets enabled a
fundamentally new approach to assembling customized daughtercard connectors. Two
alternative concepts were considered. The first concept, a flexible assembly cell, contained a
164
high-speed shuttle machine for assembling the connector, a stiffener preparation machine, and a
conveyor system for transporting palletized connectors. The connector assembly machine would
shuttle connectors between multiple machine modules positioned along the length of the machine.
Each machine module would add a different type of component to the connector. This concept
was eventually discarded in favor of concept two, a flexible assembly system.
The flexible assembly system, which uses the split-groove kinematic pallets, contains
multiple stations that are integrated by a conveyor system for transporting palletized connectors.
This thesis described the design of the modular elements that make the connector system scalable,
reconfigurable, and flexible. The main elements were the modular indexer and process modules.
The first complete automated station is the wafer stitch station, which assembles signal wafers
onto the connector. This flexible assembly system enables a build-to-order assembly system for
the VHDM daughtercard connectors.
5.2 Future Work
5.2.1 Kinematic Couplings
The contributions of this thesis encourage further research on kinematic couplings in five
distinct areas. The first area is to further develop the engineering models used in the disturbance
force analyses. The models can benefit from implementing optional shapes of contact surfaces
such as canoe shaped balls and Gothic arch grooves. If friction is incorporated into the models,
then the effect of static friction forces on the stable equilibrium region can be assessed. Since the
contact surfaces are not truly rigid, finite stiffness of the contact surfaces should also be
incorporated when considering the error motions.
A second area of research is to implement constraint-based optimization methods into the
design process. Potential optimization problems include maximizing the size of the equilibrium
stability region, minimizing contact stresses, minimizing the contact deformations, or minimizing
the error motions. With the optimization, various locations of contact surfaces can be discovered
that might improve coupling performance under particular loading conditions. The optimization
should consider the robustness of the coupling to dimensional variation and variability in
disturbance forces.
This thesis demonstrates that the manufacturing accuracy of kinematic couplings is
crucial to reducing variation in systems of kinematically coupled bodies. A third research topic is
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therefore to explore alternative approaches for manufacturing the contact surfaces in the coupled
bodies. For instance, higher accuracy may be obtainable by designing adjustable contact surfaces
that are later epoxied in place. Another approach may be to replicate the contact surfaces witih a
metal composite epoxy. This may be a very reasonable approach for applications with moderate
contact forces.
The fourth research area is to explore the dynamic phenomenon that were observed
during the repeatability measurements of the split-groove kinematic pallets. During these
experiments, it was observed that the resting position of the kinematic coupling was cyclically
affected (at the micron level) by the pneumatic system. This seems to imply that the repeatability
depends upon the variability in the kinematic energy of the pallet during docking. A better
understanding of these effects is necessary to obtain repeatability at the sub-micron level.
It is believed that many other products can benefit from the precision of kinematically
coupled pallets. Consequently, the fifth area of future work is to partner with a commercial
manufacturer of palletized conveyor systems and transfer the technology developed in this thesis.
This will probably require designing kinematic pallets and pallet bases that use parts that are mass
produced.
5.2.2 Design of Assembly Machinery
While designing the equipment described in this thesis, it became apparent that the design
process for assembly machinery can benefit from a more systematic design method that uses a
comprehensive modeling framework. The framework should integrate various aspects of
machine performance. There are currently independent modeling approaches for machine errors,
machine rate, machine reliability, cost, etc., but the dependent relatio'nships between these aspects
are frequently not modeled. Therefore, decisions that affect ~iultiple aspects of machine
performance are made subjectively while considering only one aspect of machine performance.
Furthermore, this limitation prevents system optimization of the machine design.
Figure 5-1 illustrates the phases in the life cycle of an automated assembly machine and
the information that is generated during each phase. A comprehensive modeling framework
should support each phase and of the life cycle, from project preparation through machine
operation and maintenance. The framework should encapsulate the information generated
throughout the design phase. This means that the framework should model the assembly machine
prior to creating geometric models within computer aided design (CAD) software. For this
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reason, a schematic representation is probably effective since it can be used during project
preparation and conceptual design. The framework should support models that begin simple but
grow more complex and comprehensive as the design develops.
Figure 5-1: Information generated during life-cycle of an assembly machine
Some initial exploration in this area was conducted as part of this thesis. Initial
investigations focused on applying directed graphs (digraphs) to model the operations performed
by the machine. The operations graph presented in Chapter 2 for the Wafer Stitch Station is an
example of how a directed graph provides a schematic representation of the serial and parallel
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operations performed by a machine. Further investigation should explore the potential of finite
state machines as the operations model.
The operations graph does not comprehensively model a machine, however. It must be
complimented with a representation of the machine's kinematics. In dedicated assembly
equipment (aot serial or parallel robots), the relative displacements of the product components
and the machine elements are frequently either linear or rotary. A kinematic schematic should
illustrate the "flow" of the product through the machine, and may eventually provide the skeleton
for the geometric models within the CAD system. These displacements can be matched to
specific tasks within the operations graph.
The dynamics of the machine must also be incorporated into the modeling framework.
Again a schematic representation is useful, so bond graphs may provide an effective method for
modeling and representing linear dynamic systems. Separate bond graphs can be formed for
particular displacements or operations.
5.3 Chapter Summary
This chapter concluded the thesis with a summary of the problems addressed during this
research and the contributions to the field of precision machine design. Topics for future research
were also presented in the design of kinematic couplings and an integrated modeling framework
for assembly machines.
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Appendix A: Flowcharts of Manufacturing
Operations
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Appendix B: Plots of Servo Response
Figure B-1: Index servo axis, 2mm move (a) position and (b) velocity
Feedback Position (cm)
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
Figure B-2: Index servo axis, pallet pick-up move (a) position and (b) velocity
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Figure B-3: Stitch servo axis, move to grip position (a) position and (b) velocity
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(a)
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Figure B-4: Stitch servo axis, move to insert position (a) position and (b) velocity
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Figure B-5: Stitch servo axis, move to feed position (a) position and (b) velocity
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Appendix C: Lab View Virtual Instruments for
Pallet Repeatability Experiments
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Appendix D: Histograms of Dimensions Generated
in Monte Carlo Simulation of Station Variability
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Figure D-l: Dimensions from x manufacturing datum in pallet to ball centers, xBD,, mm, for
(a) ball 1, (b) ball 2, (c) ball 3, and (d) ball 4
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Figure D-2: Dimensions from y manufacturing datum in pallet to ball centers, Y, , mm,
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Figure D-3: Dimensions from z manufacturing datum in pallet to ball centers, zBD , mm, for
(a) ball 1, (b) ball 2, (c) ball 3, and (d) ball 4
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Appendix E: Histograms of Dimensions Generated
in Monte Carlo Simulation of System Variability
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Figure E-l: Dimensions from x manufacturing datum in pallet to ball centers, XBD , mm, for
(a) ball 1, (b) ball 2, (c) ball 3, and (d) ball 4
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Figure E-2: Dimensions from y manufacturing datum in pallet to ball centers, yDi , mm,
for (a) ball 1, (b) ball 2, (c) ball 3, and (d) ball 4
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Figure E-3: Dimensions from z manufacturing datum in pallet to ball centers, zBD, mm, for
(a) ball 1, (b) ball 2, (c) ball 3, and (d) ball 4
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Figure E-4: Dimensions from ball shoulder to ball center, ZBoi , mm, for (a) ball 1, (b) ball 2,
(c) ball 3, and (d) ball 4
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Figure E-7: Dimensions for distance between x manufacturing datum in pallet base and
groove centers, xcn, , mm, for (a) groove 1, (b) groove 2, (c) groove 3, and (d) groove 4
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Appendix F: Additional Automated Stations for
VHDM Daughtercard Connectors
The wafer stitch station is the first automated station intended for the complete flexible
assembly system for the VHDM daughtercard connector. This section describes three other
automated stations that were investigated or designed during this thesis, but that are not yet
operational. They are a vision station for automated inspection of a completed connector, a
station for inserting guidance polarizers onto stiffeners, and a station for inserting power modules
onto stiffeners.
F.1 Vision Station
The vision station would inspect a completed VHDM daughtercard connector, held on
the palletized fixture. The station would use the index motion provided by a modular indexer to
advance a completed connector past two inspection cameras. One camera would be positioned in
front of the connector, and a second camera would be positioned above the connector. The true
position of the connector tails can be measured with the front camera, and the recipe of the
connector can be verified with the camera mounted above the connector. By checking the recipe
from above the connector, it is possible to also check the orientation of any bushings in the
guidance polarizer modules. The camera arrangement is illustrated in Figure F-1.
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Figure F-I: Illustration of vision system for connector inspection
An experiment was conducted to test the lighting arrangement that would be necessary
for illuminating the connector tails. The best lighting condition was obtained with a light source
positioned in front and above the connector. This angle illuminated the tips of the connector tails,
as shown in Figure F-2 (a). A potential approach to processing the image is also illustrated in the
figure. An additional step, Figure F-2 (b), that inverts the image was added for presentation, but
is not necessary for actual implementation. A binary thresholding operation, Figure F-2 (c),
separates the bright regions at the tips of the tails. The tail true position is determined with a
"blob" analysis that determines the centroid of each dark region.
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Figure F-2: Examples of image processing for measuring tail position (a) original image, (b)
inverted image, (c) thresholded image, (d) enlarged thresholded image, and (e) edges in
thresholded imaged
F.2 Guidance Polarizer Station
Figure F-3 shows a solid model an automated machine for assembling guidance polarizer
modules to stiffeners. Like the Wafer Stitch Station, this machine uses a modular indexer for
pallet positioning, but it is combined with a Guidance Polarizer Process Module, and a vibratory
feed system for component feeding. The feed system contains two vibratory bowls and feed
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tracks. A large bowl with a diameter of about 0.762 m (30 inches) feeds plastic molded modules,
and a small bowl with a diameter of about 0.152 m (6 inches) feeds octagonal bushings. The feed
system provides every bushing in the same orientation at a pick-up position. A pneumatic pick-
and-place gantry grabs a bushing, rotates the bushing to one of the eight orientations and then
presses it into a plastic module. A gripper then grabs the module (with bushing) and carries it
beneath a camera that inspects bushing's orientation. Two scrap shoots are available. The first
scrap shoot is for modules that the vision system fails because the bushing is absent, and the
second shoot is for modules that failed because the bushing is in the wrong orientation. Both
scrap shoots drop the module onto a conveyor belt that carries the scrapped modules to two scrap
bins in the rear of the machine. If the module passes vision inspection, then it is carried to the
insertion head at the front of the machine. The insertion head uses a linear motion stage
(ballscrew and rotary encoder) to press the module onto the stiffener. The design of this station is
approximately 85% complete. The fabrication of the vibratory bowl feeder system is complete,
and a prototype insertion head has been fabricated.
01.
Figure F-3: Guidance polarizer insertion station
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F.3 Power Module Station
Figure F-4 shows a solid model of an automated station to assemble power modules to
daughtercard connectors. This station combines a feed system, modular indexer, and a process
module for inspection and insertion of the power modules. Conceptual designs for the feed
system were developed, but a complete design is not finished. The design of the feed system is
complicated because the machine needs to have random access to a variety of power modules
configured with different tail lengths (different mating sequences).
Two systems are provided for inspecting the power modules. The first system is a vision
system that inspects the true position of the contacts and verifies that the alignment guide is
completely pressed onto the insulator. The second system verifies that the power module
contains the correct contacts for the desired mating sequence. This is achieved with a custom
designed tool that contains three spring-loaded, sliding pins. Each pin is attached to an LVDT
that provides analog position measurement of the sliding pin. The position measurements can be
compared with values in a look-up table to determine the sequence configuration of the power
module. The gripper can drop the power modules into one of two scrap shoots depending upon
whether the power module failed the vision inspection or the sequence check. A belt conveyor
carries the scrapped modules from the bottom of the scrap shoots to scrap bins behind the
machine. If a power module passes both inspections, then the gripper carries it to in the insertion
head where it is pressed onto the stiffener. The insertion head is nearly identical to the insertion
head for the guidance polarizers.
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Figure F-4: Power module insertion station
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